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Abstract
Aspergillus nidulans cultures did not produce penicillin when growing in 
the pelleted fonn (l-5mm in diameter) but production was obsei*ved in 
cultures growmg as micropellets or completely a filamentous morphology. 
The Adenylate Energy Charge (A.E.C.) and Oxygen Uptake Rates 
(O.U.R.) were measuied in cultures with the three moiphological states, 
and it was shown that both were lowest during pelleted growth and highest 
during filamentous giowth. It was therefore proposed that the oxygen 
limitation, and the subsequent physiological consequences of pelleted 
morphology, inliibited gi'owth and primaiy metabolism and hence 
inliibited secondaiy metabolism. Investigations into the effect of growth 
rate were canied out and it was observed that a down regulation of growth 
rate induced secondaiy metabolism regardless of the type of gi*owth rate 
limiting nutrient. An exception to this was oxygen limitation which did not 
support production.
The distribution of pellet sizes was calculated for the pelleted population 
and it was seen that a range of pellet sizes existed. A relationship between 
pellet size and O.U.R. was obsei'ved indicating that in a population of 
pellets ranging fi‘om I mm - 3mm in diameter only those with a diameter 
less than Iimn were assimilating oxygen efficiently.
Using the physiological data collected for A. nidulans growth and 
metabolism and the relationship between secondary metabolism and 
morphology, a screen was set up in order to examine the factors which 
induce secondary metabolism in a range of filamentous flmgi with the aim
of creating a screen protocol. The importance of moiphology and nutrient 
limitation were examined and it was discovered that in most cases a down 
regulation of growth rate induced secondaiy metabolism.
(C) Joanne Moore 1995
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1.1 Isolating Fungi Wliich Produce Novel Metabolites
The search for novel bioactive metabolites has always played an important 
part in die pharmaceutical industry (Nisbet, 1982) and althougli antibiotic 
research is traditionally concerned with actinomycetes, fungi and bacteria, 
Berdy (1985) described tlie production of inliibitory compounds by plants 
and animals. Despite tlie fact tliat Pénicillium notatum was die fust fungus 
to be cultured on a large scale in order to produce penicillin for medical 
use (Hersbach et a i, 1984), pharmaceutical companies have focused their 
attentions on actinomycetes. Recently, however attention has returned to 
the fungi (Huck et aL, 1991).
A wide range of bioactive molecules can be produced by fiuigi, ranging 
from amino acids to macrolides, glycoproteins and glycolipids (Berdy, 
1985) and tliis production can be extremely sensitive to many external 
parameters such as fluctuations in temperature, pH and to the physiological 
state of the fruigus (BiTLock, 1975). These molecules display a diverse 
range of activities including antibacterial activity, antifrmgal activity, 
antitumour agents, enzyme hiliibitors, antihypersensitives, pesticides, 
herbicides and immunomodulators (Franco and Coutinlio, 1991). The rate 
of discovering novel compounds continues to increase and therefore it is 
expected that tliere are many more yet to be encountered.
The four main stages in any screening programme for novel active 
compounds from soil microorganisms are isolation, cultivation, assay and 
character analysis, and these investigations are, botli time consuming and 
laborious (Nolan and Cross, 1988).
Gottlieb (1976) described the first stage iii any fungal screen for novel 
metabolites as the isolation of ftmgi from soil. A diverse range of solid 
media must be used, includmg agars of differing pH, and a variety of 
carbon and nitrogen sources (Nisbet, 1982) since ecological studies by 
Keast et a l (1984) have shown Üiat species are not luiiversally distributed. 
Pre-treatment of soil samples is used to select for certam species, heating 
tlie soil will favom isolation of spore producers, rehydrating tire soil will 
select for zoospore producers and by adding a phage to the isolation 
medium specific species can be selected out (Prauser, 1984) since the 
phage will specifically infect a species and hence reduce its growth. The 
actual selection medium can be altered to consist of a sole carbon, nitrogen 
or phosphate source, again becoming selective towards certain types of 
organism (Williams et a l, 1983). The time of incubation can also be 
changed since the growtli of some organisms, e.g. the endophyte Frankia, 
can be inliibited by the secretions of the faster growing organisms and if 
longer mcubation time is allowed these organisms will have the 
opportunity to grow (Lechevalier and Lechevalier, 1981).
Cultivation in submerged liquid culture is the next stage and initially this is 
done on a small scale (shalce flasks) using complex medium. Assaying for 
bioactive novel compounds can pose a problem due to the nature of some 
cultivation media. Complex media contain a mixtuie of imdeftned 
compoimds and once gi'owth staits the relative concentrations of these will 
change. During growth there will be a decrease in substrates and an 
increase in products, some of wliich may have lytic properties, and m 
comparison relative concentration of active metabolite will be low. For 
these reasons assays have to be highly targeted and would be, ideally,
biochemical, receptor biiidmg or in vivo. Once production of an antibiotic 
in liquid culture has been observed frirther investigations can be carried out 
into the production kinetics of the antibiotic compound, including scale up 
and culturmg in defined medium. The product may be unstable due to tlie 
hifluence of temperatme, light and pH and so recoveiy must be rapid and 
efficient, such as solvent extraction, adsoiption or ion exchange, and 
product concentration must be increased. The next stage is purification 
and tliis is usually carried out using Thin Layer Cliromatography (TLC), 
High Perfonnance Liquid Cliromatogi aphy (HPLC) or Mass Spectroscopy 
(MS). The final, and probably the most important stage, is the 
identification of the bioactive compound as novel. Tliis is done by 
comparing the TLC, HPLC and MS traces with known actives and if no 
match is found a chemical stmctine can be ascertained using Nuclear 
Magnetic Resonance (NMR) and MS.
1.2 Problems Encountered Durmg Fungal Screens
Shomura et al. (1979) and Pickup et al. (1993) observed that many 
isolated fimgi that displayed the ability to produce antibiotics on solid 
media lost tliis ability once in submerged culture. They hypothesised that 
this was due to a number of factors such as changes in morphology and 
nutiient (including oxygen) supply in liquid culture.
In submerged cultiue fimgi can either giow as pellets or as filaments and 
tlieir ability to produce secondary metabolites can be greatly influenced by 
their morphology (Burkliolder and Simiot, 1945). Dion et al. (1954)
observed that Pénicillium chrysogenum would only produce penicillm 
when the culture was filamentous; dispersed mycelium or open pellets are 
prefeiTed for patulin production by Pénicillium urticae (Grootwassink and 
Gaucher, 1980); compact smooth pellets aie favoured over fluffy loose 
pellets in tlie production of citiic acid by Aspergillus niger (Papagiaimi et 
al, 1994). Although for tlie production of some bioactive metabolites 
pelleted growth is not favourable, Georgio and Shuler (1986) showed that 
the growtli kinetics of pellets and colonies grown on agar are very shnilar 
compared to the kinetics of filamentous giowtli, however, Monison and 
Righelato (1974) indicated that there was a similarity between hyphal 
branchmg of colony gi'owth and dispersed giowth by P. chrysogenum. 
These observations show the importance of ascertaining the optimal 
morphological state for antibiotic production dmiiig the early stages of 
screening (Mitai'd and Riba, 1987).
1.3 Growth of Filamentous Organisms in Submerged Liquid Culture
The micro-morphology of a filamentous organism can be influenced by a 
variety of culture parameters (Table 1.1).
Pelleted Growth Dispersed Growtii
Low spore moculmn High spore moculmn
Spore clumping Dispersed Spores
Short, branched mycelium Long mycelium
Low growth rate High growth rate
High wall growth Low wall growtii (Silicone coated)
Mild agitation High agitation
Low shear rate High shear rate
Low viscosity High viscosity
High carbonmitrogen Low carbomnitrogen
Simple nitrogen source Complex nitrogen source
Neutral pH Acidic pH
Smootii Walled Flasks Bumps/Spikes
Physical Additives (Inorganic Salts) Glass Beads, springs
Table 1.1 Circumstances under which Pelleted and Filamentous Growth Occurs 
(Modified from Metz and Kossen, 1977)
Problems arise, however, when trying to describe cultures since it is very 
rare that a completely homogenous situation occurs. Many cultmes may 
seem, at the macroscopic level, to be homogenous, however 
microscopically, a range of moiphologies can be obseived. One of the first 
studies on the morphology of fimgi in submerged culture was by 
Biu'kliolder and Simiot (1945), who studied die morphology of 150 species 
of fimgi including Aspergillus, Mucor, Fusarium, Pénicillium and 
Agaricus. The results indicated that the “rules” influencing the tendency to 
form pellets were not absolute and varied between species.
1.3.1 Filamentous Growth
If hyphae do not agglomerate they will continue to grow as filaments and a 
culture may be composed of either long or short hyphae witli a range of 
brandling patterns. Liquid culture differs fi’om giowth on agar hi that 
nutrient availability is evenly distributed, however, the cultures are more 
likely to encounter oxygen limitation and mechanical damage due to 
impeller action (Pickup et a l, 1993).
1.3.2 Pelleted Growth
The hyphae of many fimgal species agglomerate hi liquid cultiu'e and tlie 
resulting morphology is known as pelleted growth. Superficially, pelleted 
growth appears to resemble that of colony growtli on agar surfaces 
(Georgio and Shuler, 1986), botli containhig exponentially growhig and 
senescent, non-growing regions. Pellets have been obsei*ved in fungi for 
many years, Ray (1897) discussed the appearance of a spherical form of 
Aspergillus candidus. Wlhtaker and Long (1973) classed those fungi 
wliich foiined pelleted cultures and mentioned 84 species, hi 1987 tliis 
number had risen to 116 species (Wliitaker, 1987).
The pellet contains hyphae at different stages of nutrient Ihnitation since 
the outer hyphae are exposed to high concentrations of medium nutiients 
and oxygen and the hyphae towai'ds the centre of tlie pellet are both 
nutrient and oxygen Ihnited. In fact, a gradient of limitation occurs 
tliroughout the pellet (Kobayshi et a l  1973). The hyphae hi the middle of
tlie pellet sometimes become so nutrient deficient tliat they lyse leaving the 
centre of the pellet hollow. Trinci (1970) investigated these hollow pellets 
and produced a model for a 9mm pellet showing the different zones wliich 
would occur (Fig 1.1),
where w = peripheral growth zone 
p = growth zone 
g = growing zone 
ng = non-growing zone 
t  = transition zone
Fig 1.1 The Different Zones Ocurring in a 
Hollow P elle t
1) The outer 0.6imn would be the peripheral giowth zone (w) wliich 
would contribute to radial growth.
2) The next 1.8mm moving inwards from the peripheral growth zone 
would be the giowth zone which does not contribute to pellet radial 
growth (p).
3) The inner 4.2inin would be the non-growing zone (ng) where 
anaerobic conditions would occur leaving tlie zone to autolyse 
slowly from tlie centre producing inliibitors which diffuse outwai'ds.
4) The ai’ea represented by w and p is known as the growing zone (g) 
and measures 2.4mm from the outside of the pellet. Tliis zone 
grows exponentially at maximum specific growth rate.
5) A transition zone (t) occurs between the gi'owing (g) and non­
growing (ng) zones.
Metz and Kossen (1977) and Metz et al. (1981) described the fonnation of 
pellets as the interaction between eitlier hyphae, hyphae and solid particles 
or hyphae and spores. Macroscopic examination of a pellet seems to 
indicate tliat it is homogeneous, however, microscopic examination shows 
tliem to have heterogeneity since they suffer from mass transfer problems 
and limitations as indicated by Yoshida et al. (1967).
Metz and Kossen (1977) also described the existence of two types of 
pellets; those that are fonned due to clumping of spores and those formed 
due to agglomeration of hyphae (Fig 1.2). Pellets also differ in then 
compactness according to Testi-Camposano (1959) who foiuid that A. 
niger could grow as eitlier fluffy loose pellets, compact smooth pellets or 
hollow smootli pellets. These types of pellets were also observed by 
Kobayshi and Suzuld (1972) who showed that fluffy loose pellets were
common in liigh oxygen tension environments compared to hard hollow 
pellets in oxygen limited cultures. Carilli et aL  ^ (196\) studied the giowth 
of A. niger and suggested tliat growtli occurred in any of tliree 
morphologies; large pellets (low viscosity), small pellets (medium 
viscosity) and filamentous hyphae (high viscosity).
SporeClumping GrowthRate
HyphalMorphology
HyphalAgglomeration
PelletStructure
Fig 1.2 The Structure of a P e lle t  Depends 
on a Number of Factors
Prosser and Tough (1991) also described the factors that affect pellet 
structure and formation as spore clumping, hyphal agglomeration, hyphal 
morphology and growtli rate and that these factors diemselves can be 
affected by strain, inoculum concentration, mediiun composition, pH, 
agitation and polymers and siufactants (Fig 1.3).
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Fig 1.3 A Number of Factors Affect P e lle t  Structure and Formation
Burkliolder and Simiot (1945) described die differing morphologies of 
many species of fimgi and also obsei*ved that morphology can change 
witliin stiains. Galbraith and Smitli (1969) and Trinci (1970) observed that 
pellets produced by spore clumping were not affected by spore 
concentration and Pirt (1966) showed that pellets fonned by hyphal 
agglomeration were eliminated using liigh spore inocula. Righelato (1975) 
investigated the effect of growth rate on hyphal moiphology and showed 
tliat different giowth rates induced different pellet structure and since 
growth rate can be controlled by dilution rate in continuous culture or by 
using different nutrients in batch culture tlie type of pellet can to some 
extent be contiolled. Tucker and Thomas (1992, 1994) confiiined these 
observations by investigating the effect on moiphology of different spore 
inoculums. Camici et al. (1952) investigated the effect of conidia 
concentration on moiphology and discovered that in P. chrysogenum the
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deciding factor as to whether pellets or filaments were obtained was tlie 
concentration of conidia in the inoculiun and detennined the critical 
concentiation as being 2 x 10^  spores/ml below wliich pelleting occun*ed. 
Byrne and Ward (1989) studied the effect of nutrients on pellet formation 
and found tliat the types of carbon, nitiogen and phosphoms source and 
their relative concentrations could also affect pellet fonnation as well as 
tiace metals such as manganese, zinc and ii'oii, Hyphal clumping can be 
affected by pH due to the effect on morphology (increased branching) and 
this in turn affects pellet fonnation according to Galbraitli and Smith 
(1969). A liigh agitation can reduce pellet fonnation in pellets brought 
about by spore clumping (Mitard and Riba, 1987), however in pellets 
brought about by agglomeration of hyphae less effect was seen. Polymers 
and surfactants affect clumping and agglomeration and tlierefore influence 
pellet fonnation, by increasing medium viscosity and reducing 
agglomeration between hyphae. hivestigations have also been carried out 
on pellet fonnation in actinomycetes, Vecht-Lifsliitz et a l (1990) 
investigated pelleting in Streptomyces tendae and observed tliat pellet size 
increased with decrease in shear rate, pH, temperature and inoculum size.
hi any one culture the range in pellet size can vary giving a heterogeneous 
population (Tucker and Thomas, 1990). Endelstein and Hadar (1983) also 
observed tliis phenomenon and proposed a model for pellet size 
distribution and proposed that pellets would hagment due to shear stress 
and tliat tliese fragments were capable of clmnping and reforming as 
pellets, these pellets in turn grew increasing in radius. Therefore, 
tliroughout a population, pellets of differing sizes would exist (Fig 1.4).
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Fig 3.29 Distribution of P e lle t  Size in a Fungal Culture 
(From Endelstein and Hadar, 1983)
Oxygen Limitation in Pelleted Cultures
It has been known for some time that pellets aie oxygen limited (Yano et 
al., 1961) due to the obsei*vation tliat oxygen caimot diffuse sufficiently 
into the centre of the pellet resulting in tlie phenomenon that the hyphae in 
the centre of the pellet lyse. This obseiwation, and the fact that oxygen 
limitation results in an incomplete TCA cycle (Gray et a l, 1966), can be 
used to explain why A. niger produces citric acid when in a pelleted form 
(Papagiaimi et a l, 1994) and why P. chrysogenum does not produce 
penicillin when in the pelleted foiin (Dion et a l, 1954).
Pirt (1966) investigated oxygen limitation in mycelial pellets of P. 
chrysogenum in order to predict a critical size. He showed tliat in any 
pellet with a diameter greater than 154pm, oxygen limitation would occur 
and pellets above tliis size were hollow with a peripheral growing region of 
77pm. Trinci (1970) found tliat pellets of nidulans were not oxygen
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limited imtil the radius exceeded 2.5imn suggesting tliat tliese pellets had a 
much more open texture tlian tlie Pénicillium pellets.
Penicillin syntliesis requires molecular oxygen, in the ratio of 1:1, for the 
conversion of L-aminodipyl cysteinevaline to isopenicillin N (Wliite et al., 
1982) and, therefore, high dissolved oxygen levels are needed in the 
culture.
Using a miniature dissolved oxygen electrode Huang and Bmigay (1973) 
proved tliat tlie oxygen tension decreases from the medium to tlie inside of 
the pellet (Fig 1.5). These obsei^vations were confrrmed by Cronenberg et 
al. (1994) who used a microprobe to measure botli glucose and oxygen 
levels inside pellets of P. chrysogenum .
A comiection between intra-pellet dissolved oxygen concentration and 
pellet size has been established by Kobayshi et al. (1973) who also 
demonstrated that the rate of respiration decreased with an increase in 
pellet size. Oxygen uptalce rate (O.U.R) provides a usefril indication of 
respiratory activity in die culture.
Oxygen uptake rate (mmole02/unit vol/lu*) is dependant on cell 
concentration (X (g/1)) and specific oxygen uptalce rate (Q0 2  
(mmole02/gcell/hi)) by:-
()TTR. = (X)OQo,)
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As cell concentration increases the viscosity increases, O.U.R. decreases 
and rate of oxygen demand changes proportionally to tlie cell 
concentration. Therefore production rate of an antibiotic dependant on 
oxygen (i.e. penicillin) reaches a maximum at a critical cell concentration 
as observed by Ryu and Humplney (1972).
co■H
Ü5C
C0 )
C3>I
MEDIUM INTERFACE
Periphery
PELLET Centre
(-^Oxygen Tension]
Fig 1.5 The Oxygen Tension Decreases towards the Centre 
of a P e l le t  (Redrawn from Huang and Bungay, 1973)
It has been observed by Pliillips (1965) that penicillin production can occur 
in cultines grown as pellets but that the titre is very low and that penicillin 
production decreases with increase in pellet size. In small pellets oxygen 
transfer is higher but difficulties arise in maintaming a high dissolved 
oxygen concentration in the siuTounding brotli, whereas m larger pellets 
the reverse is tine.
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Oxygen transfer can be increased by incorporating baffles and increasing 
agitation in stiixed bioreactors since:-
1) Air is dispersed in small bubbles increasing area for oxygen transfer.
2) Bubble retention time is increased.
3) Coalescence is avoided.
4) Turbulence is increased with tlie result that the thickness of the film
between the gas and liquid phase is decreased.
Cell physiology can also be affected by oxygen availability. Carter and 
Bull (1971) indicated tliat cultiues gi'owing in high oxygen environments 
contain more mitochondiia than tliose in low oxygen enviromnents. 
Observations in well aerated cultures showed multinucleate hypha with 
many mitochondria whereas low oxygen tensions showed less of the 
organelles. Caifer and Bull (1971) also observed that under very low 
oxygen tension conidia were observed since tlie cells were metabolically 
str essed. The rheological properties of cultures change witli morphology, 
and Turtle and Pintio (1970) observed that the small agglomerated hyphae 
at the beghuihig of the culturing exliibited Newtonian properties whereas 
as the thiee dimensional giowth occuned tluoughout cultiuing a non- 
Newtonian rheology was obsei*ved. Deindoerfer and Gaden (1955) also 
investigated culture rheology and obsei-ved that once lysis had occurred a 
Newtonian rheology returned
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1.4 Secondary Metabolism
1.4.1 Role of Secondary Metabolites
The majority of fimgi have the ability to produce secondary metabolites 
although die reason for doing tliis is not always clear. Many suggestions 
as to what secondary metabolites are and why tiiey are produced have been 
advanced since penicillin was discovered (Katz and Demain, 1977; Dhar 
and Klian, 1971; Woodmff, 1966; Bu’Lock, 1975).
Katz and Demain (1977) hypothesised that it was the actual product of 
secondary metabolism that was important and put forward an explanation 
that microoganisms produce bioactive compounds in order to increase their 
chances of siu*vival in their natural habitat. This idea was shared by 
Bushell (1989) who proposed that actinomycetes sensed the presence of a 
competitor due to a decrease in nutrients in the suiToimding environment 
and consequently secreted compoimds which would inliibit growth of the 
competitor. However, many hypotheses have been put foiward that it is 
the actually process of secondary metabolism which is important. Dhar and 
Klian (1971) hypotliesised that secondary metabolites may be produced in 
order to export toxic intennediates fiom tlie cells, or as described by 
Woodruff (1966) to keep primary metabolism balanced. Zalmer (1979) 
described secondary metabolism as a “playground for evolution” and that 
the enzymes of low specificity for new compounds fiom available 
intermediary metabolites may eventually find a use in the organism. 
Zalmer suggested that whereas mutation in primary metabolism can be
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letlial a mutation in secondary metabolism may in fact give the organism an 
advantage. All of these ideas have tlieir champions but a hypothesis tliat 
satisfies tlie question raised by all the obser*vations has yet to emerge.
1.4.2 Are Secondarv Metabolites Produced in the Soil?
The isolation of a secondary metabolite is carried out in a laboratory in an 
artificial environment, as far as the organism is concerned, so the question 
that has been asked extensively during the many years since the first 
bioactive compounds were discovered, is whether secondary metabolites 
are actually produced in the soil.
Due to tlie temperatiue and nutrient concentr ation of soil it would be 
expected that if secondary metabolites were produced they would be at too 
low a concentration to be effective as ‘weapons’ for survival. However, 
tlie soil envirorunent is not homogenous and many microhabitats exist 
which contain high areas of nutrients (Bums, 1989).
Research into the khietics and genetic control of secondary metabolism has 
revealed that induction of antibiotic synthesis involves elaborate control. 
Applying the principles of Darwinian selection, it is not urueasonable to 
suppose that a significant selective advantage must have resulted fiom the 
development of the antibiotic production capability.
The majority of secondary metabolites are produced by filamentous 
organisms although some unicellular species are also capable of antibiotic
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production (e.g. bacitracin, Hanlon and Hodges, 1981 and gi*ainicidin S, 
Matteo et a l, 1976). Unicells invariably produce secondary metabolites at 
tlie end of tlieir growth cycle in closed laboratoiy cultures. At first sight, 
tliis would appeal* unlikely to give an advantage to survival. However, the 
down regulation of gi owtli rate, obsei'ved at the end of batch cultuie, due 
to substrate exliaustion, could mimic the effect of a competitor, in tlie soil 
causing a similar down regulation when is staits to remove nutrients fi*om 
tlie niche occupied by die producer organism (Bushell, 1989). Filamentous 
organisms can produce secondaiy metabolites during growth and due to 
the natuie of filamentous growth one colony can be producing both 
prhnary and secondary metabolites simultaneously giving these organisms 
the opportunity to inliibit giowth of competitors but continue growing 
themselves.
1.4.3 Control of Secondaw Metabolism
Secondaiy metabolism hi fimgi occurs via tluee main pathways; die 
mevalonic acid pathway which gives sterols, gibberellins, carotenes and 
trisporic acids; the polyketide pathway which gives rise to patulin and 
bikaverins; the shikimate chorismate pathway which gives rise to the 
amino acids which make up penicillin and cephalosporin as well as 
tryptophan containing indoles (Fig 1.6).
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AMINO ACIDS
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Fig 1.6 The Inter-Relationship of Metabolic 
Pathways in Primary and Secondary 
Metabolism
The secondaiy metabolites investigated in tliis report were all capable of 
antimicrobial activity. Iwai and Omnia (1981) indicated the factors which 
affect antibiotic production (Table 1.2).
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Factor Example Reference
Carbon Source Penicillin production by 
A. nidulans
Espeso and 
Penalva, 1992
Nitrogen Source Bikerverin production Bu’Lock, 1975
Inorganic Phosphate Thienamycin production by
Streptomyces cattleya
Lilley et a l, 
1981
Dissolved Oxygen Cephamycin C production by
Streptomyces clavuligerus
Rollins et a l, 
1988
Inorganic Salts 
e.g. NaCl
Aplasmycin production by 
mai'ine Streptomycetes
Okami et al., 
1976
Precursors
e.g. Pheiiylacetic Acid
Penicillin production by 
v4. nidulans
Arst, 1991
hiliibitors
e.g. cliloramphenicol
Actinomycin is induced when 
protein synthesis is inliibited
Katz et a l, 
1965
Inducers 
e.g. Factor A
Streptomycin production Klehier et a l, 
1976
Other Factors 
e.g. Laurie Acid
Elasnin production by 
Streptomyces norboritoensis
Olmo et a l, 
1980
pH High pH induces Kinamycin 
production by Streptomyces 
nurayamaensis
Hata et al., 
1971
Temperature Monomycin production by 
Streptomyces jamaicensis 
occurs only between 23°C and 
27^:
Wehiberg, 1973
Table 1.2 Factors which Affect Antibiotic Production
The production of some secondary metabolites, e.g. actinomycin, are 
controlled by carbon catabolite regulation (Brown et a l, 1983). That is, 
secondaiy metabolism is suppressed by a rapidly assimilated carbon 
source. Tliis problem is eradicated by using two caiboii sources, a rapidly 
assimilated one to favour growth then when the desired biomass is reached 
a slower carbon source is used. However, the effector in tliis case seems
21
to be tlie growth rate of tlie organism gi'own in the different cai'bon sources 
rather tliaii the actual carbon soiuce.
Aimnonimn represses die enzymes valine dehydrogenase and tlireonine 
deaminase and hence suppresses die production of tylosin (Omura and 
Tanaka, 1985). Wliereas, in die biosynthesis of cephamycin, aimnonimn 
actually down regidates die pathway (Casti'o et a l, 1985). These two 
phenomena can be changed by using nitrate as a nitrogen source or by 
incorporating aimnonimn trappmg agents such as magnesium phosphate in 
die medium. Amino acids can affect secondary metabolism where a 
branched pathway occurs, one side leading to the biosynthesis of 
secondary metabolite and one side leading to amino acid production, as in 
the case of candicidin production (Martin, 1983, Martin and Demain, 
1977).
Phosphate can also affect secondaiy metabolism. If a liigh concentration 
of phosphate is added to a Streptomyces griseus culture a doubling of ATP 
is observed and this in turn iidiibits the production of candicidin (Liras et 
a l, 1911, Liras and Demain, 1978) and in the production of streptomycin a 
vital step involving phosphatase is inliibited in the presence of liigh levels 
of phosphate (Walker and Walker, 1971).
Oxygen limitation can also affect secondary metabolite biosynthesis by 
derepressing important enzymes such as deacetoxycephalsoporin C 
syntliase in the production of cephalosporin by Streptomyces clavuligerus 
(Rollins et a l, 1988).
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Bu'Lock (1975) suggested tliat secondary metabolism starts when 
exponential growth has finished or when the growth rate limiting substrate 
concentration starts to approach the Ks value for tliat substrate. However, 
M^Dennott et al. (1993) observed that in Saccharypolyspora erythraea 
production of erytluomycin was growth dissociated in carbon and 
phosphate limited cultures and was growth associated in nitrogen limited 
cultures. Trilli et al, (1987) showed tliat in a phosphate limited chemostat 
production of erytluomycin A by Saccharypolyspora erythraea was 
increased by an increase in giowth rate an obsei'vation that apparently 
conflicts with tliat of M'^Dennot^ et al. (1993). Growtli rate is related to 
growth rate limiting substrate concentration by the equation:-
dx (:dt
Wliere x = biomass (g/1) at time t
s = substrate concentration (g/1) at time t
Ks = affinity constant of the substrate (g/1) (Pirt, 1974)
It is known that secondaiy metabolism occurs under low growth rates and 
so the question to be asked is whether carbon, nitrogen, phosphate and 
oxygen limitation actually act upon secondaiy metabolism or whether it is 
their effect on growth rate that acts as the trigger.
In batch culture giowtli continues until a nutrient is depleted, this nutrient 
being termed the giowth rate limiting substrate. The depletion of this 
nutrient causes a down regulation of growth rate (Piit and Righelato, 1967)
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which can itself be the inducer of secondary metabolism, an example being 
the batch culture of penicillin (Constantinides et a l, 1970). In continuous 
cultuie the growth rate was conti'olled at approximately 80% of maximum 
specific growtli rate (Pirt and Callow, 1960) and since no down regulation 
is occuiTmg it is hypothesised that secondaiy metabolism will not occur.
Down regulation of growth rate, in batch culture, has been shown to mduce 
production of eiytliromyciii by Saccharypolyspora erythraea (M'^Dennott 
et al., 1993) and this down regulation was brought about by depletion of 
growth rate limiting substrates such as cai'bon and phosphate. Wlien a 
continuous culture was canied out the antibiotic production was much 
lower due to the fact that a down regulation of giowth rate was not 
observed.
Fed batch culture uses the principle of slowly feeding a nutrient source into 
a culture and was originally used to eliminate oxygen limitation during 
penicillm production, a consequence of which was that penicillin titre 
increased (Piit, 1974; Jolmson, 1952; Ryu and Humplirey, 1972). During a 
fed batch cultine giowth rate is reduced due to the slow continuous feeding 
of nutrient source and hence production of penicillin is increased.
Cyclic fed batch culture has been found to increase erytliromycin 
production by Saccharypolyspora erythraea (Lynch and Bushell, 1993; 
personal coimnunication) due to the fact that during a cyclic fed batch 
culture there is a contmuous down regulation of giowth rate. Tylosin 
production by Streptomyces fradiae was mvestigated by Vu-Trong and 
Bhwapathanapun (1981) and Vu-Trong and Gray (1982) in fed batch
24
culture and by Gray and Vu-Trong (1987) in cyclic fed batch culture and 
production was improved in the latter.
1.5 Penicillin
Fleming (1929) isolated a culture from P. notatum, the filtrate of wliich 
inliibited tlie growth of certain bacteria notably Diptheric bacilli. This 
discoveiy stimulated a systematic search for the active material from P. 
notatum and this culminated in the isolation of the first natural penicillin 
immediately after tlie beginning of the Second World War (Chain et al., 
1940). At this time a project was staited in order to produce large 
quantities of the antibiotic by controlled fennentation and after tlie War 
Sheenan and Laubach (1951) synthesised a penicillin analogue. Today, 
after many yeai's of reseaidi into increasing productivity, over 12,000 
tonnes of penicillin G per year is now industrially produced using P. 
chrysogenum by Gist-Brocades, SmitliKline Beecham, Eli Lilly and 
Bristol-Myers Squibb.
1.5.1 Production of Penicillin G
Penicillin is synthesised from L-cysteine and L-lysine which are derived 
from the EMP pathway (Fig 1.7), the final stage being the conversion of 
isopenicillin N to penicillin G by the enzyme acyl transferase in the 
presence of pheiiylacetic acid (Fig 2.8)(Müller et al., 1991). Müller et al. 
(1991) also showed, using iimnunogold labelling with P. chrysogenum.
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that the enzyme acyl transferase was found m microbodies in tlie 
cytoplasm. Since these microbodies were found distiibuted tliroughout 
die hypha it can be assumed tliat any viable mycelial fragments growing 
under appropriate conditions have the potential to produce penicillin.
In P. chrysogenum penicillin production is associated with low growth rate 
and when it’s growth rate is high penicillin production is low or not 
observed. Therefore it can be said tliat penicillin production is growth 
dissociated (Hersbach et a l, 1984),
Penicillin synthesis is inliibited by high growth rates resulting from liigh 
glucose concentrations in tlie medium (Bailey and Arst, 1975) and is 
controlled by lysine in a feedback control mechanism (Fig 1.9). Glucose 
inliibition can be eliminated using lactose as the caiton souice wliich 
supports low gi'owdi and low oxygen demand and hence high penicillin 
production (Hersbach et al., 1984) is observed.
Hosier and Jolmson (1953) formulated a defined medium for production of 
penicillm and in order to elimhiate tlie problems brought about by liigli 
oxygen demand in batch cultine, penicillin production was carried out 
using fed batch fermentation. A consequence of this was that penicillin titre 
increased (Piit, 1974; Jolmson, 1952; Ryu and Humplirey, 1972). 
Restriction of substrate utilisation was incorporated into the fed batch 
culture in order to reduce an assumed catabolite repression (Hockeriliull 
and Mackenzie, 1968; Pirt, 1974).
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L-AMINOADIPIC ACID
(L-AMINOADIPYL)CYSTEINYLVALINE
ISOPENICILLIN N
ACYL TRANSFERASE
+
(L-AMINOADIPYL)-L-CYSTEINE +
L-CYSTEINE
L-LYSINE
+ PHENYL ACETIC ACID
PENICILLIN G
Fig 1.7 The P e n ic i l l in  Biosynthetic Pathway
Culture moiphology also has an effect on penicillin production, which is at 
a maximum when a P. chrysogenum cultine supports short fragmented 
hyphae (Dion et al., 1954). Although production of penicillin occur s when 
the culture is in a filamentous or fluffy loose pelleted state no penicillin is 
observed in large dense pellets. This again is due to oxygenation problems 
since in a pellet botli oxygen and nutrient limitation occur towards tlie 
centre (Carilli et al., 1961). In order to maintain high oxygen availability 
for penicillin production in pellets an exceptionally high oxygen level 
would be needed (Phillips, 1965).
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Acyl Transferase
PHENYL ACETIC ACID
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PENICILLIN G
Fig 1.8 The Final Stage of P e n ic i l l in  Synthesis Requires
the Addition of Phenylacetic Acid
KETOGLUTARATE + ACETYL - CoA
HOMOCITRATEFEEDBACK
AMINOADIPATE
LYSINE PENICILLIN G
Fig 1.9 P e n ic i l l in  Biosynthesis i s  Controlled by Feedback 
Inhibition
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1.6 Aspergillus nidulans
The study of penicillin production by A. nidulans was chosen for this 
project since the metabolism, genetics and gi'owth kinetics of tliis species 
have been studied in detail by Maitinella (1976), Maik (1971), Shall et al, 
(1991) and Trinci (1970). The interactions between morphology, 
nutritional requirements and secondary metabolite production were studied 
during tliis project.
A, nidulans readily attains a pelleted (l-3mm in diameter) morphology in 
submerged culture under conditions of low agitation since pellets in tliis 
particular stain aie formed due to spore clumping (Prosser and Tough, 
1991). Trinci (1970) studied pelleting in A. nidulans and discovered tliat 
oxygen limitation only occuned when the pellet size was above 4-5mm, 
above wliich size hollow pellets similai' to those described by Pirt (1966) 
were occuiTing. hivestigations by Clutterbuck and Roper (1966) also 
showed these hollow pellets in A. nidulans and she showed that a 
peripheral gi owing region of between 500-600p.m occuiTed. Wlien in this 
moiphological state A. nidulans^ like P. chrysogenum, does not produce 
penicillin. Since it is known that molecular oxygen is needed in penicillin 
biosynthesis (Wliite et aL, 1982) and that pellets aie oxygen limited due to 
insufficient oxygen difhision (Carilli et al., 1961) resulting m an 
incomplete TCA cycle (Gray et al., 1966) it is not siuprising that penicillin 
production is only supported by filamentous cultiues.
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Production of penicillin by A. nidulans is regulated mainly by
i) Carbon source, penicillin is inliibited by elevated glucose 
levels in the cultine (Espeso and Penalva, 1992);
ii) Oxygen supply for biosynthesis, molecular oxygen is needed 
in a ratio of 1:1 with (L-aminoadipyl)cystemylvaline for the 
conversion to isopenicillin N (Wliite et a l, 1982).
Using different agitation regimes in a bioreactor, however, A. nidulans can 
be induced to grow in a moiphology (micropellets (0.1-0.4mm in diameter) 
whose properties are midway between filamentous and pellets. By 
inducmg micropellets investigations can be carried out to explain why in a 
pelleted state A. nidulans does not produce penicillin.
The strain studied was also auxotrophic for p-Aminobenzoic acid (Arst, 
1991) and so growth in a defined medimn necessitated appropriate 
fonnulation.
1.7 Aims of Investigations
i) To investigate the effect of depletion of growth rate Ihniting 
substrate on induction of penicillin production by A  nidulans.
ii) To hivestigate the effect of degree of pelleting on production of 
penicillin in A. nidulans.
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iii) To apply principles elucidated during investigations of the 
physiology and morphology of A. nidulans Avhen producing 
penicillin to the design of screens for novel bioactive metabolites.
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2.1 A. nidulans Strain Maintenance
The Penicillin G producing strain of A. nidulans paba A1 (wildtype) strain 
donated by Dr H N Ai’st (Royal Postgraduate Medical School) was used 
tliroughout the investigations. Since this strain is auxoheterotrophic for p- 
aininobenzoic acid tliis vitamin was added to all syntlietically defined 
medium.
The strain was maintained on malt yeast extract agar (2.4A) plates and 
slopes, hicubation was at 30°C for 5-7 days and tliese were stored at 4°C. 
Spores were collected off plates lOdays old, suspended hi 15% glycerol 
and fi'ozen. These spore suspensions were used to malce fi*esh plates and 
slopes every month.
2.2 A. nidulans Batch Cultures
2.2.1 Inoculum Preparation
The quality of the moculum is veiy hnportant in antibiotic production since 
Smith and Calam (1980) showed that mcrease in inoculum concentration 
gave an mcrease in penicillin production. Therefore a standaid inoculum 
preparation protocol was devised. A. nidulans was grown on malt yeast 
extract agar (2.4A) for 7-10 days until extensive sporulation was obsei*ved. 
After this thne the plate was washed with 5-1 Omis of % strength Ringers 
solution (BDH) and 0.01% Tween 80 (BDH) to remove the spores. The 
suspension obtahied was used to calculate the spore density using a
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haemocytometer and dilutions were made in order to obtain 2ml aliquots of 
spore suspension which when added to 25ml of medium would result in a 
final concentration of 10  ^ - 10^  spores/ml. These stocks were fi^ozen in 
15% glycerol for fiirther use.
SPORE INOCULUM
RESIDUALNUTRIENTS
DISSOLVEDOXYGEN DRYWEIGHT
24H STIRRED COMPLEX MEDIUM
48H STIRRED DEFINED MEDIUM
136H BIOREACTOR CULTURE IN . DEFINED MEDIUM
Fig 2.1 The Standard Inoculum Stages Involved in 
I n it ia t in g  a Bioreactor Culture
A 2ml spore inoculum was used to inoculate 25ml of malt yeast extract 
(2.4A) hi a 250ml non-baffled flask equipped with a magnetic stiner bar. 
Tliis flask was hicubated at 30°C with stining at 500rpm for 481ns. After 
tliis time 2ml of culture was used to inoculate 25ml of test medium in 
250ml non-baffied flasks (Fig 2.1).
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2.2.2 Bioreactor Culture Design
All batch cultures were canied out in an Electrolab 5L 300 Series 
Bioreactor with a 3.5L working volume. The bioreactor was conti'olled 
using tlie Anglicon Solo 2 control system. Temperature was controlled 
using a combination heating/cooling PDI system. pH was measured using 
an Ingold pH probe and dissolved oxygen tension (D.O.T.) using a Ingold 
polarographic oxygen electrode.
The cai'bon, nitrogen and phosphate limited batch cultures were canied out 
at 30°C, Iw m  and 600ipm for approximately 1401ns and the oxygen 
limited batch cultures was canied out at 30°C, 0.5w in and 600ipm for 
approximately 1401ns. Wlien inducing different moiphological states the 
batch cultures were canied out as>
I) Pelleted Culture - 200rpm, 2wm.
ii) Micropelleted Culture - 500ipm, Iwm.
iii) Filamentous Culture - SOOipm, Iwm.
Samples were taken every 121ns and supernatants frozen after 
centrifugation at 3000ipm for lOmin.
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2.2.3 Batch Culture Parameter Determinations
A) Biomass Determination
A 0.45jLim Gehnan filter was dried in a microwave for 6 min on a liigh 
setting, weighed, then placed in a desiccator overnight. A 5ml sample of 
biomass was collected on tlie filter then washed with 30ml of distilled 
water. The filter and biomass were tlien dried in a microwave for 6 min on 
a high setting and placed in a desiccator overnight after which time the 
biomass and filter were reweighed. For each time point tliree 
measui ements of biomass concentration were carried out.
B) Growth Rate Determination
i) Filamentous Growth
The specific growth rate of a culture glowing completely as filaments is 
described as>
dx 1
where x = biomass concentration (g/1) 
t = culture age (Ins)
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Using a partial cubic spline program (MT)eiinott et al., 1993) an 
interpolated curve was generated between biomass concentration data 
points. The gradient of the cui've was calculated over small time intervals 
and the value used to calculate specific gi'owth rate. Thus for biomass, as 
the curve was plotted, tlie progiam also calculated the slope of tlie curve 
which gave tlie volumetric giowth rate. Wlien this rate was divided by the 
biomass a good approximation of tlie specific gi owth rate was determined.
ii) Pelleted Growth
The gi'owtli equation describing a culture giowing as pellets is:-
x'/  ^= xo'/' + kt
where x = biomass concentration (g/1) 
t = culture age (lirs) 
k = constant
Values of k were calculated for the cubic growth of pelleted cultures using 
a spread sheet (Microsoft Excel).
C) Residual Glucose and Phosphate Determination
Residual glucose and phosphate concentrations were deteiinined in the 
culture sample supernatant using the Kodak (IBI) Biolyzer which uses the 
principles that all the reagents of a particular assay are impregnated onto a
37
Kodak slide. Wlien the slide is placed into the analyser and 20pi of 
supernatant added, the test nutrient which in tliis case is either glucose or 
phosphate, reacts with tlie reagent causing a coloration (red/pink in the 
case of glucose and blue/puiple in the case of phosphate). This coloration 
is measined colonnetrically against standai ds already programmed into the 
analyser giving a concentration of residual nutrient.
D) Residual Nitrate Detennination
Residual nitrate concentration was deteiinined in the sample supernatant 
using tlie Boelniiiger Mamilieim UV-Method (Cat. No. 905 658) wliich 
uses the principle that nitrate is reduced by reduced iiicotinamide-adenme 
dinucleotide phosphate (NADPH) to niti ite in the presence of the enzyme 
nitrate reductase (NR).
Nitrate + NADPH + rf" ^  Nitrite + NADP+ + H2 O
NR
The amount of NADPH oxidised during the reaction is stoichiometric with 
tlie amoiuit of nitrate. This decrease in NADPH is measured by means of 
its absorbance at 334, 340 or 365mn.
E) Oxvgen Uptake Rate Detennination
The percentages of oxygen and carbon dioxide, in the out gas, were 
measured ushig the Sybron/Taylor Servomex Oxygen Analyser and the
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ADC Cai'bon Dioxide Analyser respectively. These values were used in 
the following equation to determine Oxygen Uptake Rates (O.U.R.);-
OUR
Ogin 7 9 . 0 7  X % 0 ^ o u t  100-(OpOUt + GO^out)^ ^ I
X Litres Air In
9 2 . 5 4
F) Adenvlate Energy Charge Determination
Adenylate energy charge (A.E.C.) was detennined using the method of 
Atkhison and Walton (1967) using the Lumax AEC Kit (Sonco Ltd., Cat. 
No. 9281-0).
ATP is assayed by bioluminescence using the firefly luciferase assay 
according to the following reaction:-
luciferin + luciferase + ATP (luciferm-luciferase-AMP) + Ppi
luciferin-luciferase-AMP) + O2
oxyluciferin + luciferase + CO2 + AMP + LIGHT
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The light emitted is measured in a sensitive photometer and is proportional 
to the quantity of ATP present. ADP and AMP are measured after 
enzymic conversion to ATP as follows
ADP + phosphoenol pymvate ATP + pyruvate
pymvate kinase
AMP + ATP 2 ADP
adenylate kinase
Culture samples were filtered tlimugh a 0.45pm Gehnan filter and the 
biomass reconstituted with 1.5ml Modified Hepes Buffer (inM: Hepes 25, 
MgS0 4  7.5, EDTA 1). Tliis sample was then stored fiozeii.
The samples were retrieved and allowed to defiost then cell extracts were 
made using an X-press Cell (Life Sciences Ltd) which used the principle of 
forcing frozen cells at high pressure tlnough a small apeiture the resulting 
force causmg the cell walls to crack.
For assay, extracts were diluted 1/100. Standard ATP solutions were used 
at 0 .0 1 , 0 . 0 0 1  and 0 .0 0 0 Ipg/ml and were measured in a cuvette containing 
duplicates of extract (Tnteiiial standardisation’) in order to account for any 
assay interference by cell components. Bioluminescence was measured in 
a Biocounter/3M 2020A.
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G) Penicillin Detennination
An overnight culture of Micrococcus luteus (ATCC 934IR) was prepared 
as the challenge organism and a dilution series of standard penicillin G 
solutions were made up (50, 40, 30, 20, 10, Omg/L). 250ml of molten 
Brain Heart Infiision Agar (Oxoid) was inoculated with 5ml of tlie 
overnight M  luteus culture. The agar was then poured into a bioassay dish 
measuring 9cm x 9cm, allowed to set then placed in a refrigerator for Ihr 
to allow it to set fruther. After tliis time wells (1cm in diameter) were cut 
hito the agar in a 6 x6  distribution and into each of these wells lOOpL of 
penicillin solution and the culture sample supernatant was added randomly 
hi triplicate.
Each plate was incubated at 37°C overnight after which time the zones of 
hiliibition were measured and a giapli of Logio penicillin concentrations 
agahist zone size (mm) was plotted.
2.3 The Screen
2.3.1 Isolating Active Strains on Solid Media
Ig of soil was aseptically placed hito each of two conical flasks containmg 
100ml of the % Ringer’s/Tween solution (2.2.1). These flasks were 
positioned on a wiist action shaker for lOmin. After this time a 10-fold 
serial dilution was made down to 10"^ . Replica spread plates were 
prepai'ed of 1 0 "^ , 1 0 "^  and 1 0 '^  for each conical flask onto each of tlie four
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media; malt yeast extract agar (2.4A), pliaiinamedia agar (2.4E), potato 
dextrose agar (Difco) and synthetically defined agar (2.4B). These plates 
were incubated for 3-5 days at 30°C
After growth had been observed counts were made of the types of 
organisms isolated in order to calculate colony foiining units. 2 0 0  visually 
different ftingi were collected, described and subcultuied onto the relevant 
agar in order to establish pure colonies.
Using an Accuramatic (Jencons Ltd) dispenser, droplets of 1ml of malt 
yeast extract agai* (2.4A) were dispensed in a 4x4 airangement in 10cm 
square petri dishes. All the cultured ftingal isolates were inoculated onto 
the di'oplets followed by incubation for 4 days at 30°C.
Each plate was then overlaid with nutrient agar (Oxoid) seeded with 
overnight cultures of the five test organisms (University of Surrey Culture 
Collection numbers):
Staphylococcus aureus (C861)
Escherichia coli (ss)
Escherichia coli (C l661 )
Micrococcus luteus (ATCC9341R)
Fusarium oxysporum (JMl)
The plates were incubated overnight at 37°C for the bacteria and 25°C for 
the fimgi. After tliis time the zones of hiliibition were measured to 
establish tlie fimgi capable of producing bioactive metabolites.
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2.3.2 Liquid Culture
Each of tlie active isolates were gi'owii in malt yeast extract broth (2.4 A) in 
a conical flask witli shaking on a rotary shaker (250rpm) in order to 
generate an inoculum. After 241irs the inoculum was used to inoculate 
conical shake flasks containing malt yeast extract medimn (2.4A), Cove 
complex broth (2.4C) and A  nidulans rich synthetic medium (2.4B). Each 
of these media were then subjected to different degrees of agitation; 
stirring with a triangulai' magnetic stiirer bar at 250ipm, shaking on a 
rotaiy shaker (250ipm) and no shaking or stining. All flasks were 
incubated for 4Sins at 30°C.
After tliis time the bioactivity (2.1.3F) of the cultures was tested using tlie 
plate bioassay method with the five test organisms used hi the droplet 
bioassay.
43
SOIL SAMPLE
STIRRED STATICSHAKEN
BATCH CULTURE
C ISOLATES
25 ACTIVES
C ISOLATES
LIMITATION
STUDY
MORPHOLOGY
STUDY
200 ISOLATES FROM B AND C
ISOLATE ON MYEA
GROUP ACCORDING TO PRODUCTION
SUB-ISOLATE ONTO 
SYNTHETIC AGAR
ISOLATE ON 
SYNTHETIC AGAR
INOCULATE INTO LIQUID 
CULTURE OF 4 MEDIA
ASSAY BY DROPLET METHOD
Fig 2.2 A Screen for Isolating Fungi Capable 
of Producing Bioactive Metabolites
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2.3.3 Batch Culture
A) Shalce Flask Batch Culture
Inoculmn preparation of the fungal active isolates followed the protocol for 
A. nidulans (2.2.1). The final hioculmn stage, however, was carried out in 
individual flasks containing the test medium. Incubation was at 30°C and 
tlie degree of agitation was varied dependant on the type of investigation 
being carried out (2.2.2). After 481irs the cultures were hai*vested and tests 
as described m (2.2.3) were canied out.
B) Bioreactor Batch Culture
Inoculum preparation for the ftmgal active isolates followed the protocol 
for A  nidulans (2.2.1) except that the final stage was caiTied out in 3L of 
complex medium in a 5L Electrolab Bioreactor. The cultine generated 
fi'om tliis was used as an inoculum for other Electrolab bioreactors 
containing the specific test media. The bioreactors were set up as 
described hi (2 .2 .2 ) and agitation and oxygen supplies were varied 
depending on tlie pai*ameter being studied (Fig 2.2).
C) Bioactivitv Measurement
The antimicrobial biospectnim of the culture supernatant was measured 
using the plate bioassay method as described in 2.2.3F. For each
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bioreactor investigation a sample supernatant (laiown to possess 
antimicrobial activity) was used as a standai d. A serial dilution was made 
in order to obtain a range of concentrations (sampleiHiO); 1:0, 4:1, 3:2, 
2:3, 1:4, 0:1. Since die bioactive agent was unknown the neat sample was 
expressed as units/1 making tlie dilution series; 1, 0.8, 0.6, 0.4, 0.2 and 0.0 
units/1. A standard curve of concentration of bioactive agent (units/1) 
agahist zone of hilhbition (imn) was plotted.
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2,4 Medium Composition
A) Malt Yeast Extract Broth (A^zr)
Malt Extract (Oxoid) 
Yeast Extract (Oxoid) 
Glucose
Teclmical Agar (Oxoid)
lOgA
4g/l
4gd
15g/l
B) Defined Medium
Component “Rich”
(Oz-Limited)
C-Limited N-Limited P-Limited
NaaHPO^ 4.2g/l 4.2gd 4.2g/l O.Og/1
KH2PO4 2 .8 g/l 2 .8 gA 2 .8 g/l O.Og/1
MgS0 4 0 .2 g/l 0 .2 g/l 0 .2 g/l 0 .2 g/l
NaNOa 7.0gd 7.0g/l 2 .0 g/l 7.0gd
MOPS - - 2 0 gd
Glucose 25g/l lOgd 30gd 30gd
Trace Elements lOml/1 lOml/ 1 lOml/ 1 lOml/ 1
Vitamins lOml/1 lOml/ 1 lOml/1 lOml/1
Agar 15g/l - -
The Na2 HP0 4 , KH2PO4 , MgS0 4 , NaNOs and MOPS were made up in 
780ml at pH 6.4 and then aiitoclaved at 121°C, 15atm for 20mins; the
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glucose was made up at 5 times the conceiiti'ation and aiitoclaved 
separately at 121°C, 15atm for 20mms and 200mls was added to the sterile 
base; tlie tiace elements were made up at pH 2 and filter sterilised; the 
vitamins were also filter sterilised. Breox FMT30 (Water Management 
and Gamlon) was used as an antifoam at a concentration of 0.3ml/l. For 
penicillin producing cultures 3 g/1 phenyl acetic acid was added to promote 
tlie conversion of Isopenicillin N to Penicillin G. These sterilisation 
teclmiques applied to all medium used in tliis reseaidi.
Trace Element Solution
FeS04 7 H2 O l.Og/1
M11SO4 4 H2 O l.Og/1
C11CI2  2 H2 O 25mg/l
(NH4 ) 6  M 0 7  O2 4  19mg/l
Z11S0 4  0.2g/l
Vitamin Solution
Biotin lOmg/1
Pyridoxine lOmg/1
Thiamhie lOmg/1
Riboflavin lOmg/1
Nicotinic Acid 1 Omg/1
p-Amino Benzoic Acid 1 Omg/1
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C) Cove Medium H 966)
Salt Solution 20ml/l
Vitamins lOml/1
Cas Amino Acids lOml/1
Glucose lOg/1
Yeast Extiact lg/1
Peptone 2gd
NaNOs 6gd
Sait Solution
KCl 26g/l
M gS04 26gd
KH2PO4 76gd
Trace Elements 5 Omg/1
Trace Element Solution
Na2B40? IOH2O 40mg/l
CUSO4 5H2O 400mg/l
F eS04 2H2O 80 Omg/1
Z11SO4 89mg/l
Na2Mo04 2H2O 800mg/l
M nS04 2 H2O 800mg/l
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Vitamin Solution
p-Amino Benzoic Acid
Thymine
Biotin
Riboflavin
Pyiidoxine HCl
Calcium D-Pantotlianate
Nicotinic Acid
2 0 mg/l 
5 Omg/1 
1 Omg/1 
lOOmg/1 
5 Omg/1 
2 0 0 mg/l 
lOOmg/I
D) Pfizer Defined Medium
Glycerol
(N H 4 )2 S 0 4
NaCl
lOOml/1
l.Ogd
3.0g/l
CaCls
Trace Elements
3.0g/l
lOml/ 1
Vitamins lOml/1
Casamino Acids (Difco) lg/1
Trace Element Solution
l.Og/1
0 .2 g/l
l.Og/1
0.19mg/l
O.lg/ 1
Vitamin Solution
Thiamine 1 Omg/1
Biotin 1 Omg/1
Riboflavhi 1 Omg/1
Pyiidoxine HCl 1 Omg/1
p-Amino Benzoic Acid 1 Omg/1
Nicotinic Acid 1 Omg/1
E) Phannamedia Agar
Glucose 25g/l
Com Steep Liquor 15 g/1
Phannamedia (Oxoid) 5g/l
C0 CI2 0 . 0  lg / 1
Teclmical Agar (Oxoid) 15 g/1
2.5 Statistical Aialvsis
2.5.1 Standard Deviation
Tliroughout the investigations all the parameters were measured in 
triplicate wherever possible. All these results were statistically analysed 
using Standai d Deviation where :-
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V N - l
Wliere s = Standard deviation 
y = Measiu’ement 
y = Mean of measurements 
N = Niunber of measmements
2.5.2 C/?/-Squared Test
The Clii-Squai'ed test was used to analyse data statistically from the 
screen.
x ' = Z  ((O  - E f ) / E
Wliere O = Obsei*ved frequencies 
E = Expected frequencies
Each row of a table of results relates to a given number of degrees of 
freedom. If there were Ti’ columns then there would be n-l degrees of 
freedom.
Once was calculated and degi ees of freedom detennined, the probability 
(p) of an event was detennined (Appendix 1).
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It was tlien decided wlietlier the probability deviated significantly (less 
than P = 0.05 ; 5%) horn the null hypothesis - the predicted outcome.
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3 Investigation into how Growth Rate 
and Morphology Influence 
Production of Penicillin by
Aspergillus nidulans
3.1 Introduction
3.2 Results and Discussion
3.2.1 Carbon Limited
3.2.2 Nitrogen Limited
3.2.3 Phosphate Limited
3.2.4 Oxygen Limited
3.2.5 Pelleted Growth
3.2.6 Micropelleted Growth
3.2.7 Filamentous Growth
3.3 Comparison of the Different Nutrient Limitations
3.4 Comparison of the Different Morphological States
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3.1 Introduction
Fungal isolates winch readily fonn colonies on solid media, may grow 
poorly or not at all in submerged culture especially when the medium is 
chemically defined. An important aspect when formulating a liquid 
medium to be used for screening for bioactive fungal metabolites is a 
consideration of all the factors that will enable not only growth but also 
secondary metabolite production (Nisbet, 1982).
Fungi have a diverse nutiitional capability which reflects tlieir existence in 
a range of ecological niches and tlierefore it is important to foiinulate a 
medium that will optimise tlie specific parameter being studied e.g. growth 
or secondary metabolism (Perlman, 1989). P. chrysogenum grown with 
glucose as its caiton source will gi'ow to a high biomass concentration but 
will not produce penicillin (Hersbach et a i, 1984). However, the use of 
lactose as the carbon source will result in slower gi'owth and penicillin 
production (Righelato, 1975). During screening for biologically active 
secondary metabolites it is important for the culture to experience nutrient 
limitation (Bu’lock, 1975) as it has been suggested tliat secondary 
metabolism staits only when exponential gi'owtli has ceased or when the 
gi'owdi rate limiting substrate concentration approaches tlie Ks value for 
the substrate.
The foiu types of nutrient limitation studied in this investigation were 
carbon, nitrogen, phosphate and oxygen (2.4B), in order to determine 
whether it was the actual depletion of a particular substrate or the resulting 
down regulation of growth rate that induced secondary metabolism.
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Limitation experiments were set up with A. nidulans, using tlie culture 
system as described in 2 .2 .2 , in order to define precisely the conditions 
needed for penicillin production by the laboratory strain.
Under conditions of low agitation ri. nidulans readily attains a pelleted (1- 
3mm in diameter) moiphology in submerged culture since pellets in tliis 
particular stiain aie fonned due to spore clumping (Prosser and Tough, 
1991). Wlien in this moiphological state A. nidulans, like P. 
chrysogenum, does not produce penicillin. Since observations by Wliite 
(1982) suggest that molecular oxygen is needed in penicillin biosynthesis 
(Wliite et a l, 1982) and that pellets are oxygen limited (Carilli et al., 
1961) resulting in an incomplete TCA cycle (Gray et al., 1966) it is not 
smprising tliat penicillin production is only supported by filamentous 
cultures.
Using different agitation regimes in bioreactors (2.2.2), a micropelleted 
(0.1-0.4mm in diameter) culture of A. nidulans was induced and 
investigations were earned out to explain why in a pelleted state A. 
nidulans does not produce penicillin.
Investigations by Müller et al. (1991) using immunogold labelling with P. 
chrysogenum to find the actual site of penicillin synthesis showed that the 
final stage of syntliesis occuired in microbodies in the cytoplasm. These 
microbodies were found to be distributed tlnoughout the hyphae and so it 
was assiuned that any hypha subjected to sufficient concentrations of 
moleculai' oxygen had the potential to produce penicillin. In a filamentous 
culture the majority of hyphae are presumably fi ee to assimilate molecular
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oxygen and therefore have tlie ability to produce penicillin. In a 
micropelleted culture only the imcliunped hyphae have tlie potential to 
produce penicillin and so lower production levels would be expected. 
Similarly in a pelleted culture, due to the compactness of the hyphae, 
diffiision problems would occur and it was expected tliat no penicillin 
production would be seen.
For these reasons cultures of A. nidulans were grown inducing the tliree 
morphological states using different agitation levels as described in 2 .2 .2 . 
Tliroughout the investigations biomass concentration, residual glucose, 
nitrate, phosphate, D.O.T., penicillin, O.U.R. and A.E.C. were recorded 
(2.2.3).
3.2 Results and Discussion
3.2.1 Carbon Limited
In tlie caiton limited batch culture a maximum giowtli rate (pmax), 
derived using a paitial cubic spline progiam (2.2.3B)(M‘t)ennott et al., 
1993), of 0.12h'  ^was obsei'ved at 2Sins (Fig 3.1). The culture displayed a 
single peak in specific giowtli rate, an obseiwation first reported by Bushell 
and Fryday (1983). This contrasts with the reporting of a phase of 
constant maximum specific gi owtli rate in A. nidulans by Gaiter and Bull 
(1971). The difference was probably attributable to the cruder method for 
calculating specific gi'owth rate (semilog biomass plot) employed by the 
latter authors. Nitrogen, phosphate and oxygen concentiations remained in
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excess tliroughout and tlie D.O.T. remained above 90% of air saturation. 
These observations suggested that in this paiticular situation it was the 
carbon source (glucose) wliich was limiting the growtli rate (Fig 3.2). 
Tlirougliout the investigation the cultiue grew as micropellets measuring 
0.1mm - 0.4mm in diameter tlierefore the fungus may have been following 
the cubic gi'owtli law (2.2,3B). A value for k (kmax = 0.015g/l/li occurred 
after 24 hoius) was calculated (Appendix 2) in order to compare 
investigations
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Fig 3.1 Growth of Aspergillus nidulans in a Carbon Limited Batch 
Culture
Exliaustioii of glucose occuiTed after 471ns and, as expected, immediate 
lysis of the organism took place. Glucose was assimilated at a uniform 
rate of 0.1 Ig/l/h tlnoughout exponential growth. After jiunax had occurred, 
growth slowed into a decline phase resulting in an increase of glucose 
uptake rate to 0.8g/l/li. Carter and Bull (1971) observed that in^ . nidulans 
tliere was a non-lineai' relationship between specific growtli rate and
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glucose uptake rate. As none of the otlier cultui'e nutiients were depleted it 
was assiuned tliat glucose was tlie growth rate liinitmg substrate.
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Fig 3 .3  P e n ic i l l in  Production i s  Induced by a Down Regulation of
Growth Rate in Carbon Limited Batch Culture of Aspergillus 
nidulans
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After SOlirs, penicillin was observed in the cultine broth (Fig 3.3) 
coinciding with a down regulation in gi'owth rate, as observed by 
McDermott et al., (1993) caused by low levels of glucose. Numerous 
reports have shown that slow growtli rate brought about by utilisation of a 
slowly metabolised caibon soiuce is ideal for penicillin production. 
Observations by Mason and Righelato (1976) on P. chrysogenum showed 
that by using lactose as the caibon source penicillin production increased 
and Espeso and Penalva (1992) reported how elevated glucose 
concentrations inliibited penicillin production in A. nidulans.
3.2,2 Nitrogen Limited
In the nitrogen limited batch culture a maximum growth rate (pmax) of 
0.0Ih'^ was observed after 501n's (Fig 3.4). Tliis was considerably slower 
tlian carbon Ihnited giowtli (Fig 3.2.1) but also exliibited a single peak of 
maximum growth rate. Tlnoughout the growth of the culture the residual 
phosphate concentrations as well as D.O.T. remained in excess. Nitrate 
and glucose concentrations decreased tlnoughout, nitrate being depleted 
first suggesting that, in this particular culture, it was the nitrogen soince 
(sodium nitrate) which was acting as the growth rate limiting substrate (Fig 
3.5). As obsei'ved in the caibon limited culture the morphology remained 
as small pellets measuring 0.1mm - 0.4mm in diameter and kmax was 
measined at 0.019g/l/li between 42 and 67 hours (Appendix 2).
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Fig 3 .5  N itrate U t i l i sa t io n  by Aspergillus nidulans in a 
Nitrogen Limited Batch Culture
Nitrate was utilised in a diauxic fashion; 0.025g/l/h during the lag phase 
and 0.031g/l/li tlnoughout exponential gi'owtli and exliaustion occurred 
after 701n-s. The uptake rate of glucose by the nitrogen limited cultui e was
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comparable to tliat mider caitoii limitation (0.25g/l/li). After pmax had 
occurred, all tlie nitrate was depleted and the culture continued in a 
stationaiy phase luitil all the glucose had been utilised when lysis occuiTed 
(3.6). As none of the other nutrients became exliausted it was assumed 
that nitrogen was tlie growth rate limiting nutiient.
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Fig 3 .6  Glucose U t i l i sa t io n  by Aspergillus nidulans in a 
Nitrogen Limited Batch Culture
After SOlii's when growth rate was down regulated and the nitrogen source 
had been depleted, penicillin was obsei'ved in the culture supernatant (Fig 
3.7). This induction of secondaiy metabolism with the depletion of 
nitrogen soui'ce was also obsei*ved by Bu’Lock (1975) during the 
production of bikaverin. M^Dennott et al. (1993) however, observed 
growtli associated production of erytliromycin by Saccharopolyspora 
erythraea in a nitrogen limited medium. They did, however, observe tlie
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much broader peak in specific growth rate under nitrogen limitation than 
tliat obseiwed under carbon limitation (Fig 3.4).
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P e n ic i l l in  Production i s  Induced by a Down Regulation of 
Growth Rate in Nitrogen Limited Batch Culture of Aspergillus nidulans
3.2.3 Phosphate Limited
The pmax value displayed by the phosphate limited batch culture was 
0.2lT  ^ and like that in the carbon limited culture occuiTed as a single peak 
after 251irs (Fig 3.8). All nutiients, except phosphate remained in excess, 
during the giowtli phase of the culture suggesting that phosphate was 
acting as tlie growth rate limiting substrate (Fig 3.9). Again micropellets 
were observed in tlie culture giving a kmax value of 0.04g/l/li after 6  hours 
(Appendix 2).
63
O)
0 . 2
0.15
•H
0.05
• r i
20 40 60 80 
Culture Age (hrs)
1 0 0 1 2 0 140
(-g-Biomass Concentration (g / l )   S p ec if ic  Growth Rate (/h ))
CO•o
CDoH"“hH"O
30
Ü)
CD
Fig 3 .8  Growth of Aspergillus nidulans in Phosphate Limited 
Batch Culture
Phosphate was assimilated by A. nidulans at a imifonn rate of 0.17g/l/li 
tliroughout exponential gi’owth and was depleted after 271irs. The uptake 
of glucose by tlie phosphate limited batch culture was again comparable to 
tliat obseiTed in caiton limited cultine (0.25g/l/li). After pmax had 
occun ed all tlie phosphate became depleted and tlie culture continued in a 
stationary phase until all the glucose had been utilised, at which point lysis 
occuiTed (Fig 3.10). The giowth rate profile (Fig 3.8) was similar to that 
observed under caiton limited growth (Fig 3.3) i.e. a sharply defined 
maximum, compaied to the broader bealc observed in the nitrogen limited 
culture (Fig 3.7).
After 221irs penicillin was obsei*ved in tlie cultuie brotli, considerably 
earlier than in both carbon and nitrogen limited culture (Fig 3.11), 
coinciding with a down regulation in giowtli rate and depletion of 
phosphate. Under these conditions the down regulation of gi'owth rate was
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presumably brought about by an exliaustion of phosphate source and tliis in 
turn induced penicillin production. This observation is similar to 
tliienamycm production by S. cattleya (Lilley et aL, 1981 and Bushell and 
Fryday, 1983).
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Fig 3 .9  Phosphate U t i l i sa t io n  by Aspergillus nidulans in 
Phosphate Limited Batch Culture
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Fig 3.11 P e n ic i l l in  Production i s  Induced by a Down Regulation of 
Growth Rate in Phosphate Limited Batch Culture of Aspergillus nidulans
3.2.4 Oxygen Limited
The oxygen limited batch cultine suppoited a maxhnum growth rate 
significantly lower than that observed with other growth liinitmg nutrients 
(Table 3.1) at O.OOSlT^  but was observed again after 251irs as m caibon and 
phosphate limited gi'owth. The residual nitrate and phosphate 
concentrations remamed in excess tlu'oughout and the dissolved oxygen 
and glucose concentrations decreased, oxygen levels becoming Ihnited 
first. These obsei*vations suggested that m this culture the dissolved 
oxygen was liinitmg the culture’s growth rate limiting substrate (Fig 3.13).
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Fig 3.12 Growth of Aspergillus nidulans in an Oxygen Limited Batch 
Culture
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Fig 3.13 Dissolved Oxygen Concentration in an Oxygen Limited 
Batch Culture of Aspergillus nidulans
D.O.T. stabilised at a low level (24% of aii' saturation) (Fig 3.13) after 
401irs and remained at tliis level luitil lysis occurred following the depletion 
of glucose (Fig 3.14). The uptake rate of glucose was comparable to that
67
in the other cultures (0.25g/l/h) despite the significantly slower growth 
rate.
After the specific growth rate had peaked, the D.O.T. fell to its lowest 
level and a stationary phase was observed, tenninated by the complete 
exliaustion of glucose. No penicillin was obsei*ved under oxygen 
limitation.
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3.14 Glucose U t i l i sa t io n  by Aspergillus nidulans in an Oxygen 
Limited Batch Culture
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3.2.5 Pelleted Growth
In the pelleted batch culture (Fig 3.15) an initial lag phase was observed 
during the first 20hrs after inoculation followed by linear growth, 
according to the cubic growth law (2.2.3B) (kmax = 0.03g/l/h after 
27hrs)(Fig3.16)(2.2.3).
P elle t  Size (mm)
Fig 3.15 A Pelleted Culture Is Made up of P e lle ts  Measuring 
1-3mm in Diameter
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Growth of Aspergillus nidulans as P e lle ts  in a 
Carbon Limited Batch Culture
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Wlien residual glucose, nitrogen, phosphate and oxygen concentrations 
were measured only glucose was found to be exliausted after lOOlirs and 
D.O.T. reached a minimum of 24% of air saturation after 301irs. Unlike 
tlie carbon-limited batch culture (Fig 3.1) a stationary phase was observed 
due to tlie slow growth, and lysis only occuned when all the glucose had 
been exliausted.
No penicillin production was obsei*ved during tliis investigation in these 
pelleted cultuies.
3.2.6 Micropelleted Growth
The first 201irs of the micropelleted batch culture (Fig 3.17) were a lag 
phase followed by linear giowtli according to the cubic giowtli law (kmax 
-0.06g/l/li)(Fig3.18).
P elle t  Size (mm)
Fig 3.17 A Micropelleted Culture Is Made up of P e lle ts  
Measuring 0.1- 0.4mm in Diameter
All residual nutrient concentiations were measined tliroughout growtli and 
all remained in excess, including oxygen (minimum at 90% of air 
saturation). Glucose, however, was exliausted after 701irs and as with the
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pelleted batch culture a stationaiy phase was observed which tenninated 
with the depletion of glucose and lysis occurred.
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Penicillin production was observed after SOlirs (Fig 3.19) and this 
coincided with a down regulation of gi'owth rate, supporting the findings in 
tlie previous investigations (3.2.1).
3.2.7 Filamentous Growth
In tlie filamentous batch culture (Fig 3.20) tlie first 251n‘s of lag phase were 
followed by exponential gi'owth (pmax = 0.1h“^ )(Fig 3.21).
P elle t  Size (mm)
Fig 3.20 A Filamentous Culture Is Made up of Unclumped Hyphae
Residual nitrogen, phosphate and oxygen remained in excess tlnoughout 
tlie culture. As in tlie caibon limited batch culture glucose became 
exliausted after 701ns and no stationary phase was obsei*ved but immediate 
lysis occuiTed when all the glucose had been depleted.
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Fig 3.21 Growth of Aspergillus nidulans as Filaments in a 
Carbon Limited Batch Culture
Penicillin (Pig 3.22) was obsei*ved in the culture supernatant after 401irs, 
again coinciding with a down regulation of giowth rate.
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Fig 3.22 P en ic i l l in  Production by Aspergillus nidulans growing 
as Filaments i s  Induced by a Down Regulation of 
Growth Rate
3.3 Comparison of the Different Nutrient Limitations
The carbon limited cultme supported the liighest production of penicillm 
(Fig 3.23 and Table 3.1). This was not imexpected and was consistent 
witli published data on penicillin production by P. chrysogenum (Hersbach 
et aL, 1984). Nuüient limitations other tlian oxygen supported penicillin 
production but at lower concentrations. An observation tliroughout these 
hivestigations was tliat a down regulation of growth rate brought about 
by the depletion of growth rate limiting substrate induced penicillin 
confinning the ideas of Bu’Lock (1975).
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Fig 3.23 P e n ic i l l in  Production by the Nutrient Limited Batch 
Cultures of Aspergillus nidulans
The type of giowth rate limiting substrate appeared imimportant but 
appeared to hifluence the amount of penicillm produced. M^Dennott et al. 
(1993) observed that in Saccharypolyspora erythraea, production of 
erytliromycin was gi'owtli dissociated in carbon and phosphate Ihnited 
cultures and was growth Ihiked m nitrogen limited cultures. Production
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of penicillm by A. nidulans however, was growth dissociated regardless 
of tlie nutrient Ihnitation. Tliis suggested that the substrate affinities for tlie 
three nutrients were similar in A. nidulans as M^Dennott et a l (1993) 
attiibuted the different production kinetics to liigh affinity for carbon and 
phosphate witli low affinity for nitrogen soinces.
Numerous experiments have been canied out over tlie yeai*s to confirm 
tliat tlie production of secondary metabolites is mduced by a down 
regulation of growth rate brought about by depletion of the growth rate 
limiting substrate (Hanlon and Hodges, 1981; Matteo et a l, 1976; Sawada 
et a l, 1980; Lilley et a l, 1981) and observations made here with 
A, nidulans support the theoiy.
Limitation pmax
Of')
(kmax
(gMi))
Time to 
Reach 
Umax (lirs) 
(kmax (lirs))
Maximum
Production
(mg/g)
Start of 
Penicillin 
Production 
(Ill’s)
Carbon 0.12(0.015) 25 (25) 4.1 30
Niti'Ogen 0.01 (0.019) 50 (42-67) 1.9 62
Phosphate 0.20 (0.04) 25(6) 1.6 30
Oxygen 0.008 (0.03) 25 (42) - -
Table 3.1 Comparison o f Specific Growth Rate and Penicillin Production in 
the Four Nutrient Limited Cultures
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3.4 Comparison of the Different Moiphological States
Changes m morphology of A. nidulans were successfully induced by 
increasmg agitation as described by Clai'k and Lentz (1963) and Dion et 
al. (1954). All tliree cultiues started with a biomass concentration of lg/1, 
the only differences between them bemg the moiphological state (Table 
3.3). The l-3mm pellets would have lysed and tlierefore have been hollow 
suggestmg that tliere was less actual biomass. Fig 3.24 clearly shows that 
tlie increase hi biomass concentration was compaiable between tlie 
filamentous and the micropelleted cultiues, and that both cultures 
supported the same pmax value (0.11f^)(Fig 3.25). Mitai'd and Riba 
(1987) showed that in A. niger an hicrease hi sthxer speed resulted in an 
increase hi growth rate. In this investigation the higher stirrer speeds did 
give higher pmax values.
The filamentous cultuie lysed almost hnmediately after maximum biomass 
concentration was reached whereas a stationary phase was seen in both the 
micropelleted and pelleted cultures. A possible explanation was that the 
filamentous cultui e would have had a higher glucose uptake rate due to the 
higher siuface aiea causing caibon limitation, whereas slow uptake, due to 
mass transfer problems, in the micropelleted and pelleted cultures would 
have allowed growth to continue at a slower rate.
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Fig 3.24 Growth of Aspergillus nidulans as P e l le ts ,
Micropellets and Filaments in a Carbon Limited 
Batch Culture
The pelleted gi’owtli supported a significantly lower pinax and a phase of 
maximum growth rate compared to the single peak of maximum growth 
rate obsei*ved luider micropellets and filaments (Fig 3.25). This 
observation was explained by the hypothesis that nutrient limitation m the 
pellets due to mass transfer problems would have occurred (Yoshida et al., 
1967 and Kobayslii et al., 1973). It has been observed tliat sometimes the 
centre of the pellet becomes so oxygen limited that lysis occurs leaving the 
centie hollow (Yano et al., 1961). By contrast, hyphae in the other two 
cultures would have been in close contact with a plentiful supply of 
nutrients.
Penicillm production was only obseiwed hi the supernatant of the 
micropelleted and filamentous cultures (Fig 3.26). Tliis supported the 
hypothesis tliat penicillin production was induced by a down regulation in 
growtli rate (Figs 3.19, 3.22) shice the pelleted culture supported a period
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of constant kinax compared to the single peak in the micropelleted and 
filamentous cultures.
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Fig 3.25 Specific  Growth Rates of Aspergillus nidulans
as P e l le ts ,  Micropellets and Filaments in a Carbon 
Limited Batch Culture
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Fig 3.27 Oxygen Uptake Rates for Aspergillus nidulans grown 
as P e l le ts ,  Micropellets and Filaments in a Carbon 
Limited Batch Culture
O.U.R. also varied with moiphology (Fig 3.27) and it was seen that 
aMioiigh tlie micropellets and the filaments had similar rates the pelleted 
culture had a significantly lower rate of uptake, since oxygen consumption 
rates decreased witli increase m pellet size (Phillips and Jolmson, 1961 and 
Phillips, 1965), Tins could be explained by the hypothesis of Huang and 
Bungay (1973) and Cronenberg et al., (1994), that hyphae in pellets 
experience oxygen limitation. Both employed a microprobe teclmique 
which showed that the oxygen tension decreased linearly towaids the 
centre of the pellet. These obsei*vations were also seen by Behnar-Beiny 
and Thomas (1991) who showed that O.U.R. increases with increased 
agitation.
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Fig 3.28 Adenylate Energy Charges for Aspergillus nidulans 
grown as P e lle ts ,  Micropellets and Filaments in a 
Carbon Limited Batch Culture
A.E.C. also vaiied witli moipliology (Fig 3.28). Botli inicropelleted and 
filainentous cultiues followed a similar A.E.C. pattern but the pelleted 
culture had a significantly lower A.E.C. ratio. Oxygen limitation, resulting 
fi'om the less favourable mass transfer properties of the more pelleted 
morphology (Yosliida et al.  ^ 1967) presumably accounted for tlie 
reduction in A.E.C. Oxygen limited growth, aiising fi'om a pelleted 
morphology resulted in an incomplete TCA cycle (Gray et al., 1966) in 
citric acid producing v4. niger (Steel et al., 1954 and Clark et al., 1966) 
and tliis decrease in efficiency of the TCA cycle would itself result in a 
decreased A.E.C.
It is known tliat molecular oxygen is needed in a 1:1 ratio for the 
conversion of (L-aminoadipyl) cysteinylvaline to isopenicillm N (Wliite et 
al., 1982) and tliis could contribute to the inliibition of penicillin 
production in cultures witli reduced oxygen uptake. As penicillin is a 
secondary metabolite, however, and the majority of oxygen assimilation
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occurs dui'iiig exponential growth it is more likely that the reduction in 
penicillin production is a result of insufficient biosynthetic energy, 
indicated by tlie lower A.E.C. values. By comparing penicillin production 
in tlie micropelleted and filamentous cultures and their respective oxygen 
uptake rates it can be seen that any degree of cliunping and hence oxygen 
difhision problems can effect penicillin production. Piit (1966) 
hypothesised that oxygen limitation and lysis would occur in pellets above 
0.154imn in diameter. A. nidulans pellets were l-3mm in diameter and so 
it was probable that oxygen limitation occurred. Micropellets in this 
experiment were 0.1 - 0.5mm in diameter and so only a percentage of the 
population were subject to severe oxygen limitation.
Edelstem and Hadar (1983) studied pellet size distribution in fungal 
cultures and hypothesised that in any pelleted culture there would be 
pellets of differing sizes due to agitation and pellet break up (Fig 3.29). If 
a pellet becomes to lai'ge and unstable it can be broken down to a more 
stable size. These smaller pellets then have the potential to grow and 
expand m radius until again they become unstable. Therefore, in any 
population of micropellets only a certain percentage would have the 
potential to produce penicillin, explaining why per gram of biomass the 
micropelleted produced less penicillin than tlie filamentous.
For the pelleted culture of A. nidulans, 200 pellets were collected at each 
of tliree time points (one after inoculation, one during growth and one 
during stationaiy phase) and tlie distiibution of pellet sizes determined 
(Figs 3.30, Fig 3,31, Fig 3.32).
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Fragments Stable
Fig 3.29 Distribution of P e lle t  Size in a Fungal Culture
The most dominant pellet size in each population was noted and compared 
to the O.U.R. value and A.E.C. value (Table 3.2).
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Fig 3.30 The Distribution of P e lle t  Sizes in an Aspergillus nidulans culture after  lOhrs incubation
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Fig 3.31 The Distribution of P e lle t Sizes in an Aspergillus nidulans culture after  36hrs incubation
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Fig 3.32 The Distribution of P e lle t  Sizes in an Aspergillus nidulans culture after  SOhrs incubation
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Culture Age 
(lirs)
Dry Weiglit
(g/l)
O.U.R.
(mmole/l/lir)
A.E.C. Size of Largest Percent of 
Population (mm)
10 1.5 0.21 0.2 1.5
36 4.0 0.25 0.25 3.0
80 7.5 0.27 0.25 2.0
Table 3.2 Comparison o f Pellet Size with Oxygen Uptake Rate and Adenylate Energy 
Charge
During lag phase (Fig 3.30) a nonnal distribution of pellet sizes was 
observed tlie liighest percentage of population being small since giowtli 
had not occurred and so the size remained die same as that of the 
inoculum. Both the O.U.R. and tlie A.E.C. values were low due to the 
lack of growth at tliis particular time.
After 361ns incubation (Fig 3.31) the culture had staited to gi'ow and so the 
pellet size started to mcrease, however a nonnal distribution of pellet sizes 
occuned. Again smaller pellets were observed, due to agitation, since 
pellet breakage and fi’agmentation occiured as hypotliesised by Edelstein 
and Hadar (1983). Both the O.U.R. and A.E.C. had risen but not by a 
great amount since the majority of the population were large pellets which 
would have been experiencing mass transfer problems as observed by 
Yosliida et aL, (1967).
At SOlirs (Fig 3.32) the culture was in a stationaiy phase and tliis was 
represented by the fact that the pellet size distribution levelled out. The 
O.U.R. and A.E.C. values for this paiticular time point were similar to
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those at 36hrs since growtli was not occurring and the highest percentage 
of pellets were in tlie lower size range.
These observations agreed with Edelstein and Hadar (1983) in that a 
normal distribution of pellets sizes were seen within a single culture due to 
pellet growth and increase in diameter and the pellet breakage in the higher 
sizes due to agitation.
The specific oxygen uptake rate was calculated at each time point using 
the data from Table 3.2 and this was plotted against the pellet diameter 
which was tlie most dominant at that specific time point (Fig 3.33).
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Fig 3.33 Effect of P e lle t  Size on Specific  Oxygen Uptake Rate
At lOhrs the highest specific O.U.R was observed suggesting that in a 
mixed pellet size population it is the smaller pellets (1.5mm and below) 
which are assimilating most of the oxygen since 56% of the population 
measured 1.5mm or under.
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At 361îi*s tlie spécifie O.U.R was lower but the liigliest percentage of 
pellets (60.5%) were 3inin and over and at tliis diameter mass transfer 
problems would have been gieater (Yosliida et aL, 1967) and hence 
oxygen uptake efficiency was lower.
At SOlirs tlie specific uptake rate was tlie lowest due to tlie fact that 
maximum growth rate was not occuning and a more equal spread of pellet 
size was occumng with 28% being 1.5 mm and under and 20.5% of tlie 
population being 3 mm and over.
This obsei’vations were consistent with the ideas of Tiinci (1970) and Pirt 
(1966) concerning a peripheral giowtli zone. Since a 1.5 mm pellet could 
assimilate oxygen most efficiently perhaps the peripheral growth zone for 
A. nidulans, under these circumstances, was 1.5 mm in diameter? Trinci 
(1970)(1.3.2) suggested that for a 9mm diameter pellet 4.7mm 
(approximately half) would actually be giowing. For A, nidulans if the 
gi'owth zone is 1.5 mm for pellets of diameter 3-3.5 mm in diameter tliis 
relationsliip seems to stand. These obsei'vations also suggest tliat O.U.R. 
efficiency decreases with increase proportion of biomass as pellets (Fig 
3.34) and secondly that O.U.R. efficiency increases with a decrease in 
pellet size (Fig 3.35) and that 1.5 mm is a critical size for effective oxygen 
uptake and above this size pellet diameter becomes detrhnental to O.U.R.
The trends in Figures 3.34 and 3.35 suggest that smaller or non-pelleted 
cultures have a liigher O.U.R efficiency and tliis has been confirmed by 
this study. An additional observation is that at the lower size range, the 
proportion of biomass occupying the peripheral growth zone is important
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whereas, at the liigher size range tlie proportion of small or non-pelleted 
biomass is more influential on O.U.R.
S'c•HÜ•H4 -&
Proportion of Biomass as P e l le t s
Fig 3.34 Hypothetical Relationship between O.U.R. Efficiency  
and Proportion of Biomass that Exists as P e lle ts
&c0)•HO•H4 -
CC
O
P e l le t  Size
Fig 3.35 Hypothetical Relationship between O.U.R. Efficiency  
and P e lle t  Size
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It can be seen from Table 3.2 that the A.E.C value was not affected by 
pellet size for pellets between lmm-3mm in diameter. It has already been 
shown in Fig 3.28 that A.E.C. does change between micropellets and 
pellets and so it can be hypothesised that once a pellet reaches a size of 
1mm A.E.C. is low and an increase in pellet size has no effect due to the 
inefficient respiratoiy state of these cultures.
Morphology jLunax (/li) 
or
kmax (g/l/h)
Time to 
reach pmax 
or kmax 
(Ill's)
Stait of 
Penicillin 
Production 
(lirs)
Maximum
Penicillin
Production
(mg/g)
Filaments 0.1 27 40 0.9
Micropellets 0.06 27 40 0.08
Pellets 0.03 27 -
Table 3.3 Comparison of Specific Growth Rate and Penicillin Production in 
the three Different Morphological States
These experiments indicated that pelleted cultures experienced oxygen 
and, possibly other nutrient, limitation due to a decrease in mass 
transfer efficiently with increased clumping. This oxygen limitation 
paralleled decreased penicillin production. Wliere no clumping was 
observed, tlie culture specific giowth rate was initially high and a down 
regulation of growtli rate brought about by exliaustioii of glucose induced 
penicillin production. This obsei'vation, is consistent with results obtained 
by Phillips (1965). The effect was also seen in the micropelleted culture 
but the concentration of penicillin produced was reduced presumably due 
to reduced oxygen diffrision in the clumped proportion of the mycelial 
population.
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4.1 Introduction
Nisbet (1982) stated that the search for novel metabolites witli antibiotic 
properties plays an important pait in tlie phannaceutical industry. 
Altliough antibiotic research is traditionally concerned with actinomycetes, 
fungi and bacteria, many inliibitoiy compounds have been isolated from 
plants and animals (Berdy, 1985). Despite the fact tliat penicillin from 
P. notatum was the first antibiotic to be produced on a large scale for 
medical use (Hersbach et al, 1984), actinomycetes have been the main 
concern for phannaceutical companies. However attention has now 
retmned to die flmgi (Huck et a l, 1991). Nolan and Cross (1988) 
described screening as time consuming and laborious due to the fact that 
himdi'eds of organisms have to be individually cultured, identified and 
tested for activity.
The first stage in any screen for novel metabolites is the isolation of 
organisms from the soil (Gottlieb, 1976). Since a range of fungi may be 
encountered a suitably diverse range of solid media must be used, 
including agai's of differing pH, and containing a variety of carbon and 
nitrogen sources (Nisbet, 1982).
The next steps are to investigate firstly the gi'owth kinetics and tiien the 
production characteristics and biospectmm of the culture in small scale 
(shake flasks) in order to establish that the product is novel. Scale up is 
usually followed by toxicological and phannacological studies with the aim 
of eventually mailceting the product.
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Many isolated Fungi that display the ability to produce antibiotics on solid 
media lose their ability once transfened to liquid cultme (Shomura et aL, 
1979; Pickup et aL, 1993). Tliis can be due to a number of factors but 
those ones to be investigated in tliis screen are effects due to 
morphological change and nutrient (including oxygen) supply in liquid 
culture.
Fungi can eitlier grovy as pellets or filaments and their ability to produce 
secondary metabolites is greatly influenced by the fonn in which they grow 
(Burkliolder and Simiot, 1945). P. chrysogenum will not produce 
penicillin miless in the filamentous state (Dion et aL, 1945) whereas 
A. niger will not produce citric acid luiless in the pelleted state (Steel et 
aL, 1954 and Clark et a l, 1966). Although, in some fimgi, pelleted 
growth does not support production the gr owth kinetics are similar to that 
of fimgi gr owing on solid medium and dissimilar to tliose of fungi growing 
as filaments (Georgio and Schuler, 1986). For this reason it is important to 
ascerlain the optimal morphological state for antibiotic production during 
the early stages of the screen (Mitard and Riba, 1987).
Secondary metabolite production can be induced by a down regulation of 
growth rate brought about by depletion of a growth rate limiting substrate 
(Bu’Lock, 1975). For this reason an important stage in a screening 
programme is the incorporation of a specific nutrient limited defined 
medimn in the aiTay of liquid cultures that each isolate experiences 
(Nisbet, 1982).
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4.2 Results and Discussion
4.2.1 Solid Culture
A screen was set up as described in 2.3 (Fig 2.2) in order to isolate 
filamentous fimgi capable of producing bioactive secondary metabolites. 
The objective of tlie initial stage was to identify those cultures which had 
tlie ability to produce antibiotics on solid medium.
Fimgal cultmes were isolated, on tlie basis of macromoiphology, from 16 
different sites ai'oimd Britain (Table 4.1) using four agar media (malt yeast 
extract agai' (MYEA); synthetic agar (SA); phannamedia agar (PMA); 
potato dextrose agai* (PDA); 2.4) as described in 2.3.1.
Investigations were canied out in order to obtain the distribution of 
organism type on the different medium and to assess whether this 
distribution was affected by habitat (Fig 4.1) or medium type (Fig 4.2).
hi order to asses whether the type of organism was significantly affected 
by habitat (Appendix 3) or by medium type (Appendix 4) a C/?/-Squared 
analysis was canied out as described in 2.5.2.
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Soil Sample Description
A Suney Soil, iieai’ plants witli shallow roots, pH 7.6
B SuiTey Soil, aiea with high moss content, pH 7.8
C Surrey Soil, under a rose bush, pH 6.68
D Suney Soil, under a tiee, pH 6.18
E Suney Soil, open giass, pH 6.6
F Manchester Soil, on the surface mider a tree, pH 7.5
G Irish Soil, very dry soil imder a flowerbed, pH 6.5
H Leeds Soil, damp soil under a bush, pH 6.6
I Swansea Soil, below moss imder a tree, pH 7.7
J London Soil, just below some moss under a tree, pH 6.8
K Rafford Soil, plain soil with no vegetation, pH 6.8
L Wick Soil, plain soil witli no vegetation, pH 6.8
M Hull Soil, just below the surface imder a tree, pH 7.5
N Glasgow Soil, open grass, pH 6.5
0 Shin Soil, by tlie bank of a river, pH 7.0
P Undy Soil, under bush near gravel driveway, pH 6.5
Table 4.1 Distribution of Soil Samples
Gottlieb (1976) indicated that in Ig of soil it was expected to isolate 1- 
lOOmillion bacteria, 1-lOmillion actinomycetes and 50 000-lmillion fimgi. 
Overall, in the isolation canied out in this investigation the liighest 
propoition of colonies were bacterial and tlie lowest fimgal. However, it 
was shown using a Chi-Squared analysis that the distribution of organisms 
in soil was affected by soil type and isolation medium 4.2.1 A and B.
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Fig 4.1 Distribution of Organisms in the So il Samples
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PDA
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Fig 4.2 Distribution of Organisms on Different Media
It can clearly be seen that the isolation of both fungi and bacteria was 
independent of the soil sample and the type of isolation medium. 
Actinomycetes isolation, however, was much more correlated with habitat 
and type of isolation medium as seen by Gottlieb (1976). During growth
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on the different isolation media tlie faster growing bacteria would have 
exercised a competitive advantage over the fimgi and actinomycetes (Huck 
et aL, 1991). Pateman and Kinghom (1976) and Coclnane (1976) stated 
that fungi possess a diverse range of enzymes for utilising different nutrient 
sources and gi'ow under a wide range of conditions and so would have 
been at an advantage over the actinomycetes. The isolation rate of bacteria 
was liigh on all the media except for synthetic agar medimn as tliis medimn 
had been specifically designed to support fimgal growth (Nisbet, 1982). 
Tliis presumably resulted in the high rate of fimgal isolation observed on 
the synthetic agar. During industrial screening programmes selective 
media are used in order to discourage unwanted organisms such as bacteria 
at the isolation stage (Nolan and Cross, 1988).
Two hundred visually different fimgi were isolated on a range of solid 
media fi'om the soil samples and these were subcultured to obtain pme 
cultures. All the isolates were also subcultmed onto synthetic agar in 
order to verify whether the synthetic medimn contained sufficient nutrients 
to support growth for later submerged liquid culture investigations. Once 
all of tlie 200 fimgal isolates had been purified, tlieir ability to produce 
active metabolites was investigated using the droplet method as described 
in 2.3.1. Antimicrobial activity of isolate cultmes was tested using 
Staphylococcus aureus, Escherichia coli ss, Escherichia coli. 
Micrococcus lut eus and Fusarium oxysporum as challenge organisms.
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A C/?/-Squared Analysis on Effect of Habitat on Organism Distribution
Actinomycetes Fungi Bacteria
Chi-Squared 10.01 48.15 56.61
Probability 0.8 0.001 0.001
A Null Hypothesis was (at a 5% significance level) set up to state that there was no 
significant difference in the number o f actinomycetes, fungi or bacteria isolated from 
soils from different habitats. For 15 degrees of freedom the number of 
actinomycetes isolated was not significantly different between habitats whereas 
the number of fungi and bacteria isolated was significantly different between 
habitats.
B C/77-Squared Analysis on Effect of Isolation Medium on Organism Distribution
Actinomycetes Fungi Bacteria
Chi-Squared 1.55 34.54 29.9
Probability 0.7 0.001 0.001
A Null Hypothesis was (at a 5% significance level) set up to state that there was no 
significant difference in the number o f actinomycetes, fungi or bacteria isolated on 
different medium types. For 3 degrees of freedom the number of actinomycetes 
isolated was not significantly different between medium types whereas the 
number of fungi and bacteria isolated was significantly different between 
medium types.
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Soil
Site
Total 
Number of 
Isolates
Number of 
Active 
Isolates
Ratio of 
Active 
Isolates/Total
Type of 
Activity
A 4 0 0
B 2 0 0
C 6 1 0.166 Fimgal
D 10 2 0.200 Fungal/Gram +ve
E 24 1 0.042 Gram +ve
F 16 0 0
G 4 0 0
H 6 2 0.333 Gram +ve
I 10 3 0.300 Gram +ve
J 14 0 0
K 14 1 0.071 Gram +ve
L 20 I 0.050 Gram +ve
M 12 2 0.166 Gram -ve
N 18 5 0.277 P-lactam, +ve, -ve
0 20 2 0.100 Gram +ve
P 20 3 0.150 P-lactam
Table 4.2 Types o f Activity found in 23 Bioactive Fungal Species Isolated from 
Soil
Of tlie 200 isolates fiom the 16 different soil samples, 23 (11.5%) were 
found to possess bioactive properties (Table 4.2). This can be compared 
to the distributions found by Shomiua et al. (1979) who obtained activity 
from 20% of Streptomycete isolates and by Pickup et al. (1993) who 
obtained activity from 35% of Streptomycete isolates. A wide range of
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activity types were seen and it was observed that not all the soil samples 
provided active fimgal isolates, hi order to detennine whether habitat or 
isolation medimn have an effect on activity type a C/î/-Squared analysis 
was caiiied out (Appendix 5 & 6).
It can be seen that habitat did not influence the biospectrum of antibiotics 
produced by the isolates except in the case of those metabolites active 
against E. coli (4.2.1 C), and only those isolates active against E, coli were 
affected by medium type (4.2.1 D). This indicates that the production of 
tliese metabolites was subjected to more stringent nutritional control than 
tliat of tlie otlier antibiotics. This obsei^vation may be a reflection of the 
wide range of prhnary metabolite precursors which are capable of being 
incoiporated into generic antibiotic stmctures. The p-lactam ring, for 
example, may be derived fiom cysteine and valine, in the case of tlie 
penicillins (Lemke and Bramion, 1972); homoserine and glycine in the 
case of the nocardicins (Aoke et aL, 1976, 1977) and glycerol and arginine 
in the case of the clavulanic acid series (Baldwin et aL, 1994). Differences 
in the relationslnp between habitat and biospectmm of isolates become 
apparent, however, when multivaiiate analysis was applied (Fig 4.3). 
These results can be compared to those of Pickup et aL (1993) who 
showed tliat tlie spectmm of antimicrobial activity was similar in 
actinomycetes isolated fiom different media.
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c  C/?/-Squared Analysis on Effect o f Habitat on Type of Bioactivitv /Table 4.51
M  luteiis F. oxysporum p-lactam E. coli S, aureus 
Chi-Squared 12 14 14 31 16
Probability 0.65 0.5 0.5 0.01 0.35
A Null Hypothesis (at a 5% significance level) was set up to state that there was no 
significant difference in the type o f activity obseiwed in fungi isolated from different 
habitats. For 15 degrees of freedom metabolites active against E. coli were 
affected by habitat and actives against M  luteus, F. oxysporum, S. aureus and P- 
lactams were not affected by habitat.
D CM-Squared Analysis on Effect o f Isolation Medium on Type o f Bioactivitv
M. luteus F. oxysporum p-lactam E. coli S. aureus
Chi-Squared 2.67 6.0 2.0 18 3.0
Probability 0.45 0.1 0.65 0.001 0.4
A Null Hypothesis (at a 5% significance level) was set up to state that there was no 
significant difference in the type of activity obseiwed in fungi isolated from different 
habitats. For 15 degrees of freedom metabolites active against E. coli were 
effected by isolation medium and actives against M  luteus, F, oxysporum, S. 
aureus and p-iactams were not effected by isolation medium.
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Data from all of the quantitative properties recorded from the soils (ratio of 
active isolates:total isolates (Table 4.2); % fungal, % bacterial and % 
actinomycete isolates (Fig 4.2); isolate activity using E. coli, E. coli (ss), 
M. luteus and antifungal challenge bioassays (Table 4.2)) were combined 
using multivariate statistics (Fig 4.3). Using principal components 
factoring (Manly, 1986) variability in tlie data was reduced to 3 vectors 
using the UNISTAT package (Unistat Ltd, London). Data were 
standardised prior to analysis.
■®'^ 0 ‘t0 6o ai.Q, 2, 4,
-  1
-2
6 1 .8
Fig 4.3 Soil Data Analysed using Principal Components Factoring
Soils A, B, F and G provided no active fungal isolates and in common with 
soils K, L and O supported high bacterial counts. Soils K, L and O, 
however supported fungi active against M. luteus. This was bom out in 
the analysis in which A, B, F, G, K, L and O were components of the large
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cluster. Soils E and J were closely linked since both were devoid of active 
fungal isolates and were talcen from open land with a slight moss content. 
In addition to tlie main cluster tliere were numerous outliners in the 
principal component plot. Soil C, which was relatively unlinked, was 
unique in tliat it supported only anti-frmgal producing fimgal isolates. Soil 
D supported both anti-giam positive and anti-frmgal producing fungal 
isolates. During isolation the ratio of fungi : actinomycetes ibacteria was 
low. Both of tliese factors presumably contributed to tlie status of D as an 
outliner in tlie principal component factor plot. Soil H was also distant 
from the main cluster and only supported flmgi with ?aiii-MJuteus activity 
despite having the highest proportion of actives isolates. Soil I had the 
highest pH of the soils and was the only soil from which fimgal cultures 
with 2i\\X'‘S.aureus properties were isolated. Soil M supported a very high 
bacterial count during isolation and only supported fimgal isolates capable 
of production of anti-gram negative antibiotics. Soil N appeared unique, 
having frmgi with tlie most diverse biospectmm (active against gram 
positive and giam negative bacteria as well as supporting p-lactam 
production). There appeared to be no simple relationsliip between the soil 
pH (Table 4.1) and the distribution of microorganisms or the population 
biospectmm in the soils.
These observations were not unexpected since Gottlieb (1976) observed 
that tlie soil type (tundra, salt flat, barren soil), depth, season of collection, 
rainfall and temperatiue could all affect the microbial activity of soil.
During tliis screen it was obsei’ved that 8.6% active isolates produced P- 
lactam antibiotics which is comparatively liigh compared to the data of
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Kitano et al. (1975) who isolated 6x10^ sti ains of flmgi for soil of which 
50 were p-lactam producers (0.8%) .
The 23 active fimgal isolates were re-numbered (Table 4.3) in order to 
simplify flitiue investigations. Active isolate 4 was assumed, due to 
macromorphology and active metabolite production, to be identical to 
active isolate 3 and so was disregarded.
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Active No. Habitat Isolation
Medium
Type of 
Activity
Type of 
Fungus
1 D MYEA Gram +ve Pénicillium
2 D SA Anti-Fungal Aspergillus
3 C SA Anti-Fungal Pénicillium
5 E PDA Gram+ve Pénicillium
6 I PDA S. aureus Pénicillium
7 H MYEA Gram+ve Pénicillium
8 H SA Gram+ve Pénicillium
9 I SA Gram+ve Pénicillium
10 I PDA Gram+ve Pénicillium
11 P MYEA Gram -ve Unknown
12 P SA Beta-lactam Aspergillus
13 0 PDA Gram+ve Unknown
14 0 PDA Gram+ve Unknown
15 N MYEA Beta-lactam Aspergillus
16 L PMA Gram+ve Pénicillium
17 K MYEA Gram+ve Pénicillium
18 P PDA Gram+ve Aspergillus
19 N SA Gram+ve Unknown
20 N MYEA Gram -ve Fusarium
21 N PDA Gram -ve Fusarium
22 N PMA Gram -ve Pénicillium
23 M MYEA Gram -ve Fusarium
24 M PDA Gram -ve Fusarium
Table 4,3 Description o f the 23 Fungal Active Isolates
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4.2.2 Liquid Culture
Investigations were canied out in order to assess activity in submerged 
culture. All tliese investigations were caixied out in shake flasks and 
followed the protocol described in 2.3.2. The following investigations 
were carried out in order to categorise die active isolates into groups 
dependant on the culture conditions supporting antibiotic production.
4.2.2.1 Loss of Activity between Solid and Liquid Culture
Each of die 23 active isolates were cultured in liquid cultme, using the 
same formulation as in die isolation medium, but omitting the agar 
component, and incubated for 48 lirs. The antimicrobial activity in liquid 
culture was compared to that observed on agar.
Only diree active isolates (isolates 6, 14, 22) completely lost their ability to 
produce antibiotics in liquid culture (12%). These results can be compared 
to a loss of 19% by Pickup et al. (1993) and 1.9% by Shomura et al. 
(1979). Tliis may be due to either fragmentation during liquid culture 
(Pickup et al., 1993) or due to oxygen availability differences between 
solid and liquid culture (Carilli, 1961). Martin (1994) showed drat in 
Saccharyopolyspora erythraea culture diere was an optimal hyphal length 
below wliich no production of erytliromycin would be observed.
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Fig 4.4 A ctivity Lost Between Solid and Liquid Culture
Of the 23 active isolates four (9, 12, 15, 21) had no significant loss in 
bioactive production between solid and liquid culture.
4.2.2.2. Change in the Amount of Activitv due to Medium Tvpe
All 23 active isolates were tested in tliree different liquid media (MYE, A. 
nidulans Defined Medium and Cove, 1966 Medium; 2.3). The 
experimental protocol was as described in 2.2.2.
Of the 23 active isolates, the tliree which had lost the ability to produce 
bioactive metabolites in liquid medium continued to show no production 
(Fig 4.5). Production of bioactive metabolite was significantly greater in 
the defined medium since 11 active isolates produced only in this medium 
(Isolates 1, 2, 3, 5, 7, 11, 12, 13, 17, 21, 23). Nisbet (1982) confirmed the 
importance of medium design in screening programmes, especially the
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significance of using a range of media in which different nutrients become 
growth-limiting. The observations from this screen support these 
concepts. Presumably the growth rate limiting nutrient in this defined 
medium (not known) had a wide range effect on stimulating antibiotic 
production.
o•H■M•Hn•HSIc
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Fig 4.5 Change in Activ ity  Due to Different Growth Media
Of the 20 active isolates which showed metabolite production in liquid 
culture all of them showed a significant difference in production dependant 
on the medium type. This again can be explained by the fact that different 
growtli rates, different carbon and nitrogen sources and the presence or 
absence of cofactors would favour or inliibit production of different 
secondary metabolites (Nisbet, 1982).
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4.2.2.3 Change in the Amount of Activity due to Degree of Agitation
Once the optimal liquid medium for each active isolate had been 
established all 23 were cultured in shake flasks under different agitation 
regimes (Stirred at 25 Orpin, Shaken at 250rpm, Shaken with baffles at 
250rpm and no agitation i.e. Static Culture) for 48 hours (Fig 4.6) 
according to the experimental protocol described in 2.3.2.
co•H+J•H•HjCc
N 9 11 13 15 17 19 21 23
Active Number 
(□ S t a t ic  EUBaffled DShaken M Stirred]
Fig 4.6 Change in Activity  Due to Different Degrees of 
Agitation
Agitation had an effect on bioactive metabolite production potential, 
presumably due to increased fragmentation in the stirred enviromnent 
and/or different oxygen availability due to change in bubble dispersion 
(McDaniel and Bailey, 1969). Pickup et al. (1993) observed that in liquid 
culture, fragmentation can prevent antibiotic production and that this 
production can only be regained using filtration methods to select for an 
undamaged population. Since the active isolates were incubated in a 
medium known to support antibiotic production it can only be the degree
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of agitation which was affecting antibiotic production. Since all previous 
experiments had been carried out in shaken shake flasks a C/î/-Squared 
test (Appendix 7) was performed to assess whether there was a significant 
difference (for each active isolate) in antibiotic production between 
agitation regimes.
The production properties of all 20 active isolates were significantly 
affected by agitation type. However, the tliree that had previously failed to 
produce in liquid culture had not been induced to do so in this experiment.
4.2.2.4 Influence of Morphology on Antibiotic Production
When the active isolates were cultured at different stirrer speeds, some 
differences in morphology were noted. The ability to produce antibiotics 
under these different conditions was investigated.
5 7 9 11 13 15 17 19 21 23
Active Number 
(EaMicropellets EJPellets □Filam ents)
Fig 4.7 Change in Production Due to Different Morphological 
States
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Of the 23 active isolates, 3 showed no sign of bioactive metabolite 
production in submerged cultiu'e (Fig 4.7). Eight active isolates (1, 8, 9, 
10, 12, 13, 15, 19) only produced antibiotic in a pelleted form; 1 active 
isolate (5) only produced antibiotic in micropelleted morphology; 5 active 
isolates (2, 3, 16, 17, 18) produced antibiotic in botli the pelleted and 
micropelleted moiphology. It is possible that nutrient limitation resulting 
from reduced efficiency of mass tiansfer in pelleted culture (Huang and 
Bmigay, 1973; Trinci and Righelato, 1970; Bainbridge et al., 1971) may 
have induced antibiotic production in these strains.
Four active isolates (7, 11, 20, 24) only produced bioactive metabolites in 
a filamentous foiin Since filamentous cultui es are not prone to Üie mass 
transfer limitation of pellets, these isolates presumably required saturated 
nutrient uptake rates for primary metabolism prior to the induction of 
secondary metabolism (Bu’Lock, 1975).
Active isolate 21 produced antibiotic in both pelleted and filamentous 
culture and active isolate 23 produced in all tliree morphologies. In these 
cases pelleted morphology was not sufficiently restrictive to inliibit 
primary metabolism and secondaiy metabolism was induced by nutrient 
exliaustion rather than tlie proposed Tnass ti'ansfer inliibition’ mechanism 
(Yoshida et aL, 1967).
An optimal screen protocol appears to require the inclusion of a 
range of production media for sufficient diversity of nutrient 
environments and a range of agitation regimes in order to ensure a
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sufficiently high likelihood of producing all potential antibiotic 
productions.
4.3 Groups of Active Fungi whose Production Kinetics are Similar
In order to simplify furtlier investigations and screen development, the 
isolates were grouped according to their responses to different 
macromorphologies as follows:
Group 1 Those frmgi which grow as very large pellets regai'dless of 
agitation in shake flasks.
Actives 8 and 15.
Group 2 Those fungi which only produce bioactive metabolite when 
grown in a defined medimn.
Actives 2, 3, 5, 12, 13 and 21.
Group 3 Those fimgi which have lost their ability to produce bioactive 
metabolite between solid and liquid culture.
Actives 6,14 and 22.
Group 4 Those fringi that only produce bioactive metabolite when in a 
filamentous form.
Actives 7, 10, 11, 20 and 24.
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Group 5 Those fungi that only produce bioactive metabolite when in a 
pelleted or micropelleted form.
Actives 1, 9,16,17, 18 and 19.
I l l
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5.1 Introduction
The work described in this chapter aims to identify the specific factors 
which induce secondary metabolite production in tlie 23 bioactive fungal 
isolates described in the previous chapter and compare them to the effects 
observed in A  nidulans cultures (Chapter 3).
The investigations were canied out as foliows:-
1) Group 1
Those fungi which grew as pellets regardless of the agitation in shake 
flasks. These flmgi were cultured in a bioreactor at different stirrer speeds 
to assess whether increased agitation was sufficient to homogenise the 
pelleted moiphology to foiin a dispersed filamentous culture as observed 
by Taguchi et aL (1968) and to assess the effect on secondaiy metabolite 
production as observed by Braun and Vecht-Lifshitz (1991).
2) Group 2
Those fungi which only produced bioactive metabolites when grown in 
a defined medium. In this group of fungi, antibiotic production was 
probably related to specific giowth rate. For this reason shake flask 
experiments were caixied out in defined media with defined nutrient 
limitations as suggested by Nisbet (1982), in order to induce a down- 
regulation of specific giowth rate as indicated by BifLock (1975).
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3) Group 3
Those fungal cultures which had lost their ability to produce bioactive 
metabolites between solid and liquid culture. These frmgi were studied 
ill more detail in liquid culture and then grown in bioreactors under a range 
of nutrient limitations since similar loss of antibiotic production was seen 
by Pickup et al. (1993).
4) Group 4
Those fungal cultures that only produced bioactive metabolites in a 
filamentous form. These fimgi were gi*own in a bioreactor under different 
agitation regimes in order to induce different morphologies as shown by 
Choudliaiy and Piit (1965).
5) Group 5
Those fungal cultures that only produced bioactive metabolites when 
in a pelleted from. These fimgi were giown in a bioreactor under 
different agitation regimes in order to induce different moiphologies as 
shown by Choudhaiy and Pirt (1965).
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5.2 Results and Discussion
5.2.1 Group 1
5.2.1.1 Active Isolate 8
A culture of active isolate 8 was made in a 5L bioreactor using malt yeast 
extract broth (2.4A), according to the protocol in 2.2.2 but using the range 
of agitation regimes, lOrpm, 400ipm and SOOipm. In all circumstances, 
botli pelleted growtli and antimicrobial activity was obsei*ved.
Although the moiphology remained as pellets, active isolate 8 formed 1mm 
pellets at 800ipm agitation and 400ipm agitation and 3-5mm pellets at 
lOrpm agitation. These obsei'vations agi eed with those of Dion et al, 
(1954) who showed that for P. chiysogemim, smaller pellets could be 
formed using higher agitation regimes and by the observations with A. 
nidulans where increased agitation resulted in a decrease in pellet size (Fig 
3.2). The highest biomass concentration was obtained in the 400ipm 
agitated cultine (Fig 5.1) and since all three cultures were inoculated at the 
same biomass concentration using inoculum from the same vessel, the 
variation in maximum biomass concentration could only have been due to 
tlie effect of stiixer speed. The gi owth patterns of tlie SOOipm and 1 Orpin 
cultures were similai* in compaiison to that of the 400ipm culture where a 
definite stationaiy phase was seen. These obsei'vations were similar 
A. nidulans cultures of differing moiphological states in that the highest 
biomass concentrations were seen at the highest stiner speed and the 
mediiun stiixer speed supported the lowest giowth (Fig 3.24).
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Using the cubic growth equation (2.2.3 B) the values for k for each culture 
were calculated in order to compare giowth more accurately (Fig 5.2). It 
was observed that the 400rpm culture supported the highest kmax value 
and that the cultures at lOipm and 400ipm had a more severe down 
regulation of giowth rate than experienced by the SOOrpm culture. In the 
studies with A. nidulans an increase in pellet size resulted in a decrease in 
growth rate and the largest pelleted culture did not experience a down 
regulation in giowth rate (Fig 3.25). Mitard and Riba (1987) showed that 
increased stiner speed resulted in increased giowth rate in A. niger an 
observation not supported by active isolate 8.
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The D.O.T. profiles of the tlnee cultures were coiupajred (Fig 5.3) with the 
specific growth rate profiles (Fig 5.2) and it was seen that the lOrpm 
agitated culture was probably oxygen limited, reaching a minimum value of 
22% of air saturation after 451us. It was probable that, in the lOrpm 
culture, it was this oxygen limitation which caused a down regulation in 
growth rate. Yano et al. (1961) was one of the first to investigate nutrient 
Ihnitation in fimgal pellets and was also one of the first to suggest that 
pellets were oxygen limited. Although oxygen did not reach a limiting 
concentration in the 400ipm agitated culture, the level of D.O.T. was 
lower than that obsei^ved in the SOOipm agitated culture. One explanation 
for the atypical obsei'vations in the 400ipm agitated culture was that 
aMiough it was not subjected to the mechanical effect on tlie hypha as in 
tlie SOOipm culture it was experiencing a higher oxygen transfer rate tlian 
the lOipm agitated culture. Wlien active isolate S was grown in shake 
flask culture higher bioactive metabolite production was observed hi
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stirred culture containing pellets than shaken cultiue containing pellets. 
McDaniel (1969) showed tliat the oxygen availability rate (O.A.R. 
(nunole/l/li) was different between shake flasks wliich were shaken, stirred 
and shaken with baffles indicating tliat active isolate 8 required an oxygen 
rich envii'omnent for bioactive metabolite production.
Fig 5.3
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The specific product yield between the three agitation regimes (Fig 5.4) 
clearly showed that again the culture agitated at SOOipm (1mm pellets) and 
lOrpm (3-5imn pellets) were comparable and that the results obtained with 
cultures agitated at 400ipm (1mm pellets) were quite different. In the 
studies of A. nidulans a more definite relationship was observed where an 
increase in pellet size resulted in a decrease in antibiotic production (Fig 
3.26). The 400ipm agitated culture produced bioactive metabolite later 
durhig tlie investigation as compared to the other cultures (Table 5.1). The 
idea that, unlike the other two cultures, the 400rpm culture was not
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subjected to high degiees of oxygen limitation or fi'agmentation, could 
explain why antibiotic production was poorer. In this case morphology did 
not have a specific effect on bioactive metabolite production unlike the 
obsei'vations by Phillips (1965) who obsei-ved in penicillin production by 
P. chrysogenum tliat pelleted growth supported veiy little or no antibiotic.
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The A.E.C. was measured for the three agitation regimes (Fig 5.5) and the 
lOrpm agitated culture had a significantly lower A.E.C. value presumably 
resultmg from the less favourable mass transfer properties of the larger 
pellets as obseiwed by Kobayshi and Suzuki (1972). The pellets in tlie 
SOOipm agitated culture and 400ipm agitated cultine were of a similar size 
but the A.E.C. value was higher in the fonner, an obseiwation comparable 
to that ofyf. nidulans cultures gi'owing under different morphological states 
(Fig 3.28). Pellets were still obtained and so the mass transfer problems.
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described by Yosliida et al, (1967), would still have been present but 
presiunably the higher mixing at SOOrpm was sufficient to allow enough 
nutrient diffiision into the pellets (McDaniel 1969).
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Stirrer
Speed
(rpm)
Kmax
(g/lÆ)
Time to 
Reach Kmax
(h)
Maximum 
Specific Product 
Yield 
(units/gbiomass)
Tune to 
Start 
Production
(h)
800 0.05 23 0.2 40
400 0.07 23 0.1 46
10 0.03 23 0.18 40
Table 5.1 Comparison o f Bioactive Metabolite Production by Active Isolate 8 Under 
Different Degrees of Agitation
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5.2.1.2 Active Isolate 15
Active 15 was cultured in a 5L bioreactor in defined medium (2.4B) 
(according to the protocol in 2.3.3B) under different agitation regimes 
(1 Orpin, 400rpm and SOOrpm). The cultures at SOOipm and 400rpm where 
sufficiently agitated to maintain filamentous giowth and at lOrpm 
micropellets were observed, supporting the ideas of Choudliary and Pirt 
(1965) who observed that agitation prevented pelleting in A. niger. 
Bioactive metabolite was produced, by active isolate 15 in all 
circumstances regardless of moiphology. hi a previous investigation 
(Chapter 4) involving active isolate 15, fonnation of laige pellets had never 
been alleviated, however, this bioreactor investigation is consistent with 
Hie results of Clark and Lentz (1963) who reported tliat strong agitation 
can break up pellets.
The biomass concentration profiles (Fig 5.6) were comparable at SOOrpm 
and 400ipm where a rapid giowth phase was followed by a stationaiy 
phase in each case. The lOrpm agitated culture however, giew very 
rapidly during the first 101ns after which time giowth continued slowly 
tliroughout the investigation. The maximum biomass concentration 
reached by the lOrpm agitated culture was only 2.6g/l compaied to 6g/l in 
the SOOipm culture and 5.4g/l in the 400rpm culture (Fig 5.6) an 
observation comparable with A. nidulans where a higher biomass was 
observed in the filamentous culture than the micropelleted cultuie (Fig 
3.24).
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Specific growth rate was used as a more infonnative measurement of 
growth than biomass concentration (Fig 5.7) and in this respect active 
isolate 15 grew similarly at both SOOrpm and 400rpm (Table 5,2) and tlie 
mitial rapid growth in the lOipm culture decreased after lOlir (Fig 5.6) as 
seen in A, nidulans where a filamentous culture had a liigher growth rate 
than tlie micropelleted culture (Fig 3.25). The specific growtli rates of the 
cultures grown under SOOipm and lOipm gave a single peak as observed 
by Bushell and Fryday (1983) whereas the culture at 400rpin displayed a 
phase of maximiun giowtli as obsei*ved in A. nidulans by Carter and Bull 
(1971).
The D.O.T. profiles under the tlnee agitation regimes (Fig 5.8) were as 
expected with the 1 Orpin agitated culture being subjected to oxygen 
depletion (20% of air saturation). Dispersion of small air bubbles is an
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important aspect of increasing the transfer of oxygen in a bioreactor 
(Corman et aL, 1957) and stining at lOipm would not only have reduced 
the dispersion of air bubbles but would have been insufficient to allow the 
bubbles to be broken up into smaller bubbles.
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Bioactive metabolite was produced under all circumstances, however, tlie 
product yield for each situation was considerably different. The highest 
specific product yield was measined in the lOrpm culture and so it was 
tliought that oxygen limitation favoured bioactive metabolite production. 
A higher specific product yield was seen in the SOOipm culture which 
appealed not to be oxygen limited and, although antibiotic production was 
observed in the 400rpm culture, it was considerably lower. Since the 
400rpm culture did not experience a dramatic down regulation in growth 
rate it can be assumed that it was this situation which reduced specific 
bioactive production by active isolate 15 since in the pelleted culture of A. 
nidulans the culture did not experience a down regulation of growth rate 
and did not support penicillin production (Figs 3.25 and 3.26). Production 
of bioactive metabolite under the different agitation regimes was induced 
at the same time and so it can be assumed that some other factor was 
initiating antibiotic production since it was also laiown that carbon, 
nitrogen and phosphate remained in excess tlnoughout.
The A.E.C. ratio (Fig 5.10) of the cultures at SOOrpm and 400rpm followed 
a similar pattern, whereas that of the culture at lOrpm was considerably 
lower tliroughout again an obsei'vation similar to that in A, nidulans 
cultures of differing moiphological states (Fig 3.28). The filamentous 
gi owth of the cultures at SOOrpm and 400rpm would have allowed efficient 
mass transfer of nutrients and oxygen into the hyphae compared to that of 
the micropelleted culture. Although the studies with A. nidulans cultures 
indicated that pelleted cultures experienced higher mass transfer problems 
compai'ed to micropelleted cultures, (Yoshida et aL, 1967), it was seen in
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tliis investigation that even the small amount of hyphal clumping at lOrpm 
was sufficient to reduce the A.E.C. ratio of active isolate 15.
Stirrer
Speed
(rpm)
jLimax
(h-')
Time to 
Reach pmax 
(In)
Maximum 
Specific Product 
Yield 
(units/gbiomass)
Time to 
Start 
Production
_ _ (h)
800 0.05 23 0.15 30
400 0.06 6 0.03 46
10 0.14 30 0.50 30
Table 5.2 Comparison of Bioactive Metabolite Production by Active Isolate 15 Under 
Different Degrees o f Agitation
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5.2.2 Group 2
Isolates 2, 3, 5, 12, 13, 21 and 23 only expressed production of bioactive 
metabolite imder conditions of nutrient limitation.
A shake flask experiment was canied out in defined medium (2.4B) as 
described in 2.3.3 with the exception that multiples of duplicate flasks 
were set up and biomass concentration and bioactive metabolite 
production were monitored over a 1201n period for each active isolate.
Table 5.3 shows under wliich conditions each isolate expressed bioactive 
metabolite production.
Isolate
No.
Nutrient
Limitation
Time of 
Exhaustion pmax(h')
Time of 
pm ax 
(hrs)
Maximum 
Zone Size 
(mm)
Start of Production 
(hrs)
2 Oxygen 20 0.1 27 18 36
3 Oxygen 25 0.08 30 37 50
5 Carbon 36 0.09 40 16 48
12 Carbon 24 0.03 30 21 45
12 Nitrogen 20 0.03 10 38 30
13 Carbon 24 0.05 20 30 30
13 Nitrogen 30 0.05 30 35 36
13 Phosphate 10 0.05 20 27 24
21 Carbon 24 0.1 15 21 30
23 Nitrogen 36 0.07 30 19 30
Table 5.3 Comparison of Bioactive Metabolite Production by Group 2 Actives Under 
Different Nutrient Limitations
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Active isolates 2 {Aspergillus) and 3 {Pénicillium) (Table 4.2.1) both 
produced bioactive metabolite imder oxygen limitation. Active isolates 5 
{Pénicillium), and 21 {Fusarium) supported bioactive metabolite 
production luider a state of carbon limitation only. Control of production 
of these metabolites may be similar to tliat observed by Espeso and 
Penalva (1992) in A  nidulans where high glucose concentrations inliibited 
penicillin production.
Active isolates 23 {Fusarium) exliibited bioactive metabolite production 
under conditions of nitrogen limitation only. Similar Idnetics have been 
observed by Bu’Lock (1975) in the production of polyketide pigments 
such as bikaverins.
Active isolate 13 {Aspergillus) produced bioactive metabolite under the 
same conditions as A. nidulans (Fig 3.3) in that production of antibiotic 
occiuTed under all circumstances of nutrient limitation except that of 
oxygen.
Active isolate 12 {Aspergillus) produced bioactive metabolite imder 
conditions of carbon and nitrogen limitation only suggesting tliat phosphate 
may actually be involved in the biosynthesis of the secondaiy metabolite.
In all cases of Group 2 a down-regulation of gi owth rate brought about by 
depletion of a giowth rate limiting substrate induced tlie production of a 
bioactive metabolite supporting BiFLock’s (1975) theories.
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5.2.3 Group 3
Active isolates 6 {Pénicillium), 14 (Unknown) and 22 {Pénicillium) were 
all members of Group 3, that is they had lost their ability to produce 
antibiotics in the transfer between solid and liquid culture. Since an 
identical medium was used in both these investigations it was assumed tliat 
the loss of activity was either due to morphological change due to high 
fragmentation brouglit about by agitation (Pickup et al., 1993) or due to 
oxygen availability (McDaniel, 1969).
5.2.3.1 Static Growth
All tliree actives were cultured in MYE (2.4A) in a static culture as 
described in 2.3.2. After 48hrs the supernatant was tested for active 
metabolite production (Fig 5.11).
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Since there was no change in antibiotic production between solid and static 
culture it can be assumed that it was the fragmentation (Pickup et al., 
1993) due to agitation in liquid culture that was inliibiting production and 
not the oxygen availability.
5.2.3.2 Nutrient Limitation
Active isolates 6, 14 and 22 were grown in liquid culture in defined 
medium (2.4B) under conditions of differing nutrient limitation as 
described in 2.2.3B.
It can clearly be seen that bioactivity was resurrected in Active 6 (Fig 5 
12) only. It was therefore assumed that active isolates 14 and 22 still 
experienced too great a fragmentation to support secondary metabolism.
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Detailed studies of the production of antibiotic by active isolate 6 were 
caiiied out (Fig 5.13 - Fig 5.15). It was seen that, during the course of the 
investigation, the biomass concentiation reached a maximiun at 3.5g/l and 
continued in stationary phase with no lysis. This indicated that when the 
batch culture was tenninated no other nutrients other than oxygen had 
become limiting. Using a partial cubic spline computer progiam 
(M^Dennott et al., 1993), a pmax of 0.05h’  ^ was calculated and a down 
regulation of growth rate was seen as in A. nidulans under oxygen 
limitation (Fig 3.13).
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Fig 5.13 Growth of Active Iso late  6 in an Oxygen Limited
Batch Culture
The D.O.T, (Fig 5.14) reached a minimum of 22% of ah saturation after 
251irs and since tliis mmimum and the point of pmax occiuxed 
simultaneously, it can be assumed that oxygen was the growth rate limiting 
substi'ate.
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Production of bioactive metabolite was obsei-yed after 301irs which again 
coincided with a down regulation of giowth rate (Tig 5.15). It was 
assumed tliat it was this down regulation of giowth rate wliich was
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iiiducing bioactive production (Bu’Lock, 1975). However, since the 
carbon, nitrogen and phosphate limited batch cultures would also have 
experienced a down regulation of growth rate but supported no activity it 
was possible tliat it was oxygen limitation, per se, that was inducing 
antibiotic production by some mechanism which was not identified.
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5.2.4. Group 4
Active isolates 7, 10, 11,20 and 24 were all members of Group 4, that is 
they only produced bioactive metabolites under conditions of filamentous 
growth.
52.4.1. Shake Flask Culture
All 5 active isolates were cultured in shake flasks each in the medium 
which supported bioactive production (4.2.2.2.) as described in 2.3.2 
under varying agitation regimes in order to induce different morphologies.
Fig 5.16 shows that under conditions of differing agitation, antibiotic 
production was only observed when the agitation was sufficient to support 
filamentous growth. No antibiotic was observed under static and baffled 
culture since pelleted growth occuned under these lower agitation regimes.
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No antibiotic production was observed under pelleted growth (Fig 5.17) 
for any of the active isolates in group 4 as observed in A. nidulans (Fig
3.26). However, under agitation levels that supported micropelleted 
growth active isolates 10 and 20 both produced bioactive metabolite but at 
lower levels than when grown as filaments. In the case of active isolates 
7, 11 and 24, which did not produce under micropelleted morphology, 
antibiotic production was probably inhibited by the nutritional limitation 
brought about by micropelleted growth (Kobayshi and Suzuki, 1972). 
Whereas in the case of active isolates 10 and 20 the nutrient limitation in 
micropellets was not severe enough (as in pelleted growth) to inliibit 
bioactive metabolite production.
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5.2.4.2 Bioreactor Culture
Two isolates from Group 4 were chosen for further study; active isolate 7 
and active isolate 20 were giown in bioreactors under different agitation 
regimes (SOOrpm, SOOipm and lOOipm) and in the medium suitable for 
bioactive production (defined medium, 2.4B) as described in 2.3.3B. The 
biomass concentration, D.O.T., moiphology, A.E.C., O.U.R. and bioactive 
metabolite production were measured throughout (2.2.3).
a) Active Isolate 7
The change in biomass concentration between the SOOipm agitated culture 
and tlie SOOrpm agitated culture (Fig 5.18) was similar in that both 
experienced a lag phase followed by a rapid giowth phase. Growth in tlie 
lOOrpm culture, however, was much steadier. Both the cultures at SOOrpm 
and lOOipm experienced a single peak at maximum gi owth rate, however, 
the culture at SOOrpm experienced a phase lasting 301irs of maximum 
giowth rate, an obsei^vation similar to that of A. nidulans growing as 
pellets (Fig 3.25). Agitation at the higher stiirer speeds was sufficient to 
encourage filamentous giowth, whereas, micropelleted giowth occuiTed at 
lOOrpm as obsei*ved witli active isolate 15 (5.2.1.2). Claik and Lentz 
(1963) showed that increased agitation can completely break down pellets 
favouring filamentous giowth.
The specific giowth rates were very similar at both SOOipm agitation and 
SOOrpm agitation (Fig 5.19) but again the value for mmax was misleading
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ill tlie lOOrpm culture since an initial increase in biomass concentration 
was in fact followed by veiy steady giowth. Mitard and Riba (1987) 
showed that for A, niger an increase in stiixer speed gave an increase in 
specific growth rate. With active isolate 7 {Penicilliuni) the complete 
opposite happened, an increase in stiner speed resulted hi a decrease in 
specific giowth rate. These contrasting results may have been due to the 
fact that A. niger was giowii a pellets and active isolate 7 grew as 
filaments. It has been shown on numerous occasions that the giowtli 
kinetics of a pellet are different to those of a filament (Koch, 1975; Trinci, 
1969, 1970).
5
■H 4
•H 3
2o
1
H 0^ CÛ 0 20 40 80 100 120 14060 160
Culture Age (hrs)
(-^BOOrpw -«-SOOrpm ^lOOrpm)
Fig 5.18 Biomass Concentration of Active Iso late  7 in
Bioreactor Cultures with Three Different Agitation  
Speeds
As expected the culture at 1 OOipm agitation experienced oxygen limitation 
(Fig 5.20), results consistent with those of Yano et al. (1961).
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Production of bioactive metabolite was observed in the SOOrpm agitated 
and 500rpm agitated cultines but not by the lOOipm agitated culture (Fig 
5.21) again a phenomenon obseiwed in A, nidulans cultures where large 
pellet did not support penicillin production. This obsei*vation could be 
attributed to the fact that the culture at lOOrpm agitation gi'ew as 
micropellets and also experienced oxygen limitation. Since antibiotic 
production was highest in the SOOipm culture and the culture at 500rpm 
agitation experienced slight oxygen limitation it was assumed that in this 
case it was oxygen limitation which was inhibiting secondary metabolite 
production and not moiphology. These obsei-vations are not unlike 
production of penicillin by A. nidulans (Fig 3.2.4) where production was 
not seen under oxygen limitation iiTespective of moiphology.
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The A.E.C. (Fig 5.22) was compared for the tlmee agitations and it was 
obsei*ved that the patterns in the SOOrpm agitated and SOOipm agitated 
cultures were similai* and the lOOipm was lower an observation also seen 
in A. nidulans (Fig 3.28). This obseiwation showed that the lOOipm 
agitated culture was indeed under conditions of severe nutrient and oxygen 
limitation compared to the other cultures.
The O.U.R. (Fig 5.23) of the three cultures showed that in the SOOrpm and 
SOOrpm agitated cultures, uptake was similar but that in the lOOipm culture 
was lower due to the oxygen transfer problems of the slowly agitated 
culture (Connan et a i, 1967). These observations supported the ideas of 
Pliillips (1966) who indicated that oxygen consumption decreased with 
increase in pellet size and also supported the obsei'vations made on A. 
nidulans (Fig 3.27).
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Fig 5.23 Oxygen Uptake Rate Profiles  of Active Iso late  7 in 
Bioreactor Cultures with Three Different Agitation  Speeds
StiiTer
Speed
(rpm)
mmax
a i 'b
Time to 
Reach mmax 
(hr)
Maximum 
Specific Product 
Yield 
(imits/gbiomass)
Time to 
Start 
Production
(h)
800 0.04 46 1.06 10
400 0.05 21 0.064 20
10 0.06 30 0 -
Table 5.4 Comparison o f Bioactive Metabolite Production by Active Isolate 7 Under 
Different Degrees of Agitation
Overall it was obsei'ved fi om these investigations that the production of the 
bioactive metabolite produced by active isolate 7 was inliibited by 
conditions of oxygen limitation. At lOOrpm agitation oxygen limitation 
was brought about by inadequate oxygen dispersion and by the fact that 
clumping of the hyphae occuned. At 500ipm agitation, although no
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dumping occuned, the slightly oxygen limited environment resulted in 
lower specific yield of antibiotic. At SOOrpm agitation the oxygen rich 
environment supported metabolite production at its highest (Table 5.4).
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b) Active Isolate 20
The biomass concenti'ation (Fig 5.24) of the cultures at both SOOipm 
agitation and 500ipm agitation reached a maximum of between 8-lOg/l 
compared to the lOOipm agitated culture which only reached a maximum 
biomass concentration of 6g/l. Growth was rapid at SOOrpm agitation and 
500rpm agitation and no stationary phase was seen whereas at lOOrpm 
agitation a stationary phase of 601ns was obsei'ved. Agitation at SOOrpm 
and SOOrpm was sufficient to maintain a filamentous culture and 
micropellets occuned at lOOipm agitation supporting Taguchi et al. (196S) 
findings that a change in agitation can affect the fonnation of pellets. 
These morphologies were the same as those supported by active isolate 15 
(5.2.1.2) and active isolate 7 (5.2.4.2) under similar agitation regimes.
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Fig 5.24 Biomass Concentration of Active Isolate  20 in
Bioreactor Cultures with Three Different Agitation  
Speeds
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Fig 5.25 Specific  Growth Rate Profiles  of Active Iso la te  20 
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Agitation Speeds
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Fig 5.26 Dissolved Oxygen Tension Profiles  of Active 
Iso late  20 in Bioreactor Cultures with Three 
Different Agitation Speeds
The SOOrpm and 500ipm agitated cultures supported specific giowth rates 
(Fig 5.9) tliat were very similar, mmax being 0.1h“  ^ and 0.12h”  ^
respectively and although mmax occuned at the same time (61ns) m all 
tliree cultines, that at lOOipm agitation was considerably lower (O.OSh”^).
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All tliree cultures experienced a down regulation in growth rate since a 
single peak of maximum gi owth rate was obsei’ved. This observation was 
similar to the giowth rate profile of A. nidulans (Fig 3.25) growing as 
filaments and micropellets.
The D.O.T. m both the SOOipm agitated and 500ipm agitated cultines (Fig
5.26) remained sufficiently high (between 90% - 100% of air saturation) 
thus avoiding oxygen limitation whereas the culture at lOOipm agitation 
was oxygen limited (reaching a minimum of 20% air saturation) due to 
poor mixing and therefore poor oxygen dispersion (Connan et a l, 1957).
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Fig 5.27 Specific  Product Yield of Active Iso late  20 in
Bioreactor Cultures with Three Different Agitation  
Speeds
Bioactive metabolite was produced in all tluee cultures (Fig 5.27) 
supporting the earlier observation that although it was initially thought that 
active isolate 20 only produced under filamentous conditions it could in 
fact produce under micropelleted gi owth, an observation also seen with A.
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nidulans where production of penicillin only occuiTcd under filamentous 
and micropelleted conditions. However, an unexpected observation was 
that tlie micropelleted culture actually gave the highest specific yield of 
bioactive metabolite (Table 5.5). It was therefore suggested that under the 
agitations of SOOrpm and 500ipm some hagmentation occuned reducmg 
the potential of each hyphae to support bioactive metabolite production.
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Fig 5.28 Adenylate Energy Charge of Active Iso late  20 in
Bioreactor Cultures with Three Different Agitation  
Speeds
The A.E.C. was measured (Fig 5.28) and the trends for the SOOipm 
agitated and 500ipm agitated cultures followed a similar pattern whereas 
tlie cultme at lOOipm agitation, like that with nidulans (Fig 3.28), was 
considerably lower due to the oxygen limitation and the probable nutrient 
Ihnitation brought about by clumping.
To confinn oxygen limitation in the lOOrpm agitation culture O.U.R. was 
measui'ed (Fig 5.29). The SOOipm and 500ipm agitated cultures gave 
similar profiles due to high oxygen availability under the higher agitation
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regimes. At lOOipm agitation, however, poor mixing reduced the 
dispersion of tlie ah bubbles and so it was not suiprising to find that 
O.U.R. in tliis cultuie was considerably lower. The O.U.R. profiles for A  
nidulans giowing as filaments and micropellets were similar to active 
isolate 20 (Fig 3.27).
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Fig 5.29 Oxygen Uptake Rates of Active Iso la te  20 in
Bioreactor Cultures with Three Different Agitation  
Speeds
Stirrer mmax Time to Maximum Time to
Speed (h -i) Reach mmax Specific Product Start
(rpm) (h) Yield Production(units/gbiomass) (h)
800 0.11 7 0.11 10
500 0.12 7 0.16 10
100 0.07 7 &26 10
Table 5.5 Comparison o f Bioactive Metabolite Production by Active Isolate 20 Under 
Different Degrees o f Agitation
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Overall, it was obsei'ved that active isolate 20 produced bioactive 
metabolite optimally at lOOipm agitation. All antibiotic production, 
however, seemed to be induced by a down regulation of growth rate 
brought about by either nutrient or oxygen limitation.
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5.2.5 Group 5
Active isolates 1,9, 16, 17, 18 and 19 were all members of Group 5, that 
is they only produced bioactive metabolites under conditions of pelleted 
growth.
5.2.5.1 Shake Flask Culture
All six actives were cultured in shake flasks as described in 2.3.2 under 
varying agitation regimes in order to induce different morphologies.
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Change in Activity of Group 5 due to Change in 
Agitation
Under conditions of differing agitations (Fig 5.30) production of antibiotic 
was only observed when the agitation was sufficiently low to support
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micropelleted and pelleted growth. No bioactive metabolite was seen in 
stirred culture suggesting that the mycelial fragmentation (Pickup et a i, 
1993) under this agitation was sufficient to inhibit production. Only active 
isolates 1 and 17 produced under static conditions indicating that 
production kinetics of these active isolates were not affected by oxygen 
availability. Active isolate 1 was also atypical in that it did not produce 
when cultured in baffled flasks.
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Change in Activity  of Group 5 due to Change in 
Morphology
5.2.S.2 Bioreactor Culture
Two active isolates from Group 5 were chosen for further study; Actives 1 
and Active 18 were cultured in bioreactors under different agitation 
regimes (SOOrpm, 500ipm and lOOrpm) as described in 2.3.3B. The 
biomass concentration, D.O.T., morphology, A.E.C., O.U.R. and bioactive 
metabolite production were measured throughout.
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a ) Active Isolate 1
Wlien active isolate 1 was cultured in a bioreactor under different agitation 
regimes (Fig 5.32) botli pelleted growth and antimicrobial activity were 
observed in all circumstances.
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Biomass Concentration of Active Iso late  1 in 
Bioreactor Culture with Three Different Agitation  
Speeds
Although tlie moiphology remained as pellets, active isolate 1 formed 1- 
3mm in diameter pellets at SOOrpm and SOOipm agitation and S^mm in 
diameter pellets at lOOrpm confinning Dion et a i (1954) obsei'vations that 
increased agitation can reduce pellet size in P. chrysogemim. The highest 
biomass concentration was obtained at lOOipm agitation and since all tliree 
cultures were inoculated at the same inoculum level using inocuhun horn 
the same vessel the variation in maximum biomass concenti'ation could 
only have been due to stiirer speed. The giowth patterns of all tliree 
agitation reghnes were different. In the culture agitated at SOOrpm the
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growtli phase was followed by a long stationaiy phase; at SOOrpm the 
culture grew rapidly and then lysed; at lOOipm the giowth phase was short 
and was immediately followed by lysis.
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Growth Rate Profiles  of Active Iso late  1 in 
Bioreactor Culture with Three Different Agitation  
Speeds
Growth rates were calculated using the cubic giowth equation to give 
values for k (Fig S.33) and it was obsei*ved that the time when kmax 
occurred was tlie same in the SOOipni and SOOipm cultures and they 
supported shnilai' Icmax values (0.04g/l/h and 0.03g/l/h receptively). The 
lOOrpm culture grew slower (lanax = O.Olg/l/h) and this peaked after 
S21irs. This obsei-vation that an increase in pellet size results in a decrease 
in growth rate is confinned by the investigations on A nidtilam (Fig 3.2S). 
Both the culture at lOOipm and the one at SOOipm had a single peak of 
maximiun growth rate compared to the SOOrpm culture which experienced 
a phase of maximum gi owth rate. These observations are different to the 
ones with vl. nidulans where a single peak was observed with filamentous
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aiid micropelleted gi'owth and a phase was observed with pelleted growth 
(Fig 3.25).
The D.O.T. of the tlnee cultures was compai'ed (Fig 5.34) and it was seen 
that the lOOipm agitated culture experienced oxygen limitation reaching a 
minimum value of 20% of air saturation after 40hrs, conftnning Yano et al. 
(1961) obsei^vation of oxygen limitation in pelleted cultures. It was 
probable that in the lOOrpm culture it was this oxygen limitation wliich 
caused a down regulation in gi'owth rate. Although oxygen did not reach a 
limiting concentration in the 500ipm culture, the level of D.O.T. was 
slightly lower than that obseiTed at SOOrpm.
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Dissolved Oxygen Tension Profiles of Active 
Iso late  1 in Bioreactor Culture with Three 
Different Agitation Speeds
The specific yield under the three agitation regimes (Fig 5.35) clearly 
shows tliat the culture agitated at SOOrpm (l-3mm pellets) had the liighest 
capacity for bioactive metabolite production. The cultures agitated at 
500rpm (l-3mm pellets) and lOOipm (5^mm pellets) showed similai' yields.
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The A.E.C. value was calculated for each culture (Fig 5.36) and it was 
observed that the culture at lOOipm had a significantly lower value 
probably due to mass transfer problems into the pellets (Yoshida et aL, 
1967) again confinning the results obtained in the A. nidulans 
investigations (Fig 3.28).
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Fig 5.37 Comparison of Oxygen Uptake Rates of Active 
Iso late  1 in Bioreactor Culture with Three 
Different Agitation Speeds
The O.U.R. of each culture was also measured (Fig 5.37) and it was seen 
that all tliree cultures followed a similar pattern since pelleting occuiTed in 
all tlnee confirming obseiv/ations of Phillips (1965) who indicated that 
oxygen consumption was lower in pelleted cultures, a phenomenon also 
confirmed by the obsei'vations in A. nidulans (Fig 3.27). At lOOrpm 
agitation the culture formed veiy large pellets and this was represented by 
the fact that the O.U.R. was slightly lower under these conditions. If 
maximum specific O.U.R. is calculated for each culture (lOOipm: 
0.04mmole/g/ln, 500ipm: 0.07mmole/g/hr, SOOipm; 0.09mmole/g/ln) it can
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be seen tliat pellet size has an effect on oxygen uptake efficiency since the 
5min diameter pelleted culture (lOOipm) has a lower maximum specific 
O.U.R. to the l-3mm diameter pelleted cultures (SOOrpm, SOOrpm). Tliis 
obseiTation was also seen with nidulans where 1,5mm pellets had a 
higher specific O.U.R. tlian 3mm pellets (Fig 3.33).
Overall, active 1 produced bioactive metabolite under all conditions set out 
in tliis investigation. The highest specific production yield was in the 
culture agitated at BOOipm (Table 5.6) despite mass transfer problems into 
the pellets the high mixing would have allowed sufficient dispersion of 
oxygen. Lower yields were observed in the SOOipm agitated and lOOrpm 
agitated cultures where oxygen limitation to differing degrees took place. 
It was assiuned therefore that the production kinetics of active isolate 1 
were affected by down regulation of growth rate brought about by 
inefficient mass transfer of nutrients such as carbon and nitrogen into the 
centre of tlie pellets (Yosliida et a i, 1967).
StirTer lanax Time to Maximum Time to
Speed (gMi) Reach krnax Specific Product Start
(rprn) (h) Yield Production(units/gbiornass) (li)
800 0.04 29 0.90 6
500 0.03 29 0.35 20
100 0.07 52 0.24 20
Table 5.6 Comparison of Bioactive Metabolite Production by Active Isolate 1 Under 
Different Degrees of Agitation
156
b) Active Isolate 18
Wlien active isolate 18 was cultured in a bioreactor under different 
agitation regimes (Fig 5.38) both pelleted gi'owth and antimicrobial activity 
were obsei*ved in all chcumstances.
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Although the moiphology remained as pellets active isolate 18 formed 1- 
Simn in diameter pellets at lOOipm and SOOipm agitation and micropellets 
at 800rpm agitation confinning Burkholder and Sinnot (1945) obsei'vations 
that mcreased agitation can reduce pellet size in A, flavus. The highest 
biomass concentration was obtained in the lOOipm agitated culture and 
since all tlnee cultures were inoculated at the same biomass level using 
inoculum hom the same vessel the variation in maximum biomass 
concentration could only have been due to stiiTer speed. The giowth
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patterns of all three agitation regimes were very similar with a very long 
lag phase, slow growth and a short stationaiy phase followed by lysis.
Growth rates were measured (Fig 5.39) and it was obsei-ved that the time 
when kmax occuned was different for each of the cultures. The cultures 
agitated at SOOrpm and 500ipm had kmax values of 0.036g/l/h and 
0.033g/l/h respectively and the culture grown at lOOipm agitation giew 
much slower with a lanax value of 0.02g/l/h confirming the obsei'vations m 
A. nidulans where the micropelleted culture had a higher growth rate than 
the pelleted culture (Fig 3.25). However, the cultures agitated at 500ipm 
and lOOipm experienced a down regulation of growth rate, an observation 
not seen with the SOOipm agitated culture.
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Fig 5.39 Growth Rate P rofiles  of Active Iso late  18 in
Bioreactor Culture with three Different Agitation  Speeds
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The D.O.T. of the tluee cultures was compared (Fig 5.40) and it was seen 
that the lOOipin agitated culture was oxygen limited reaching a minimum 
value to 20% of air saturation after 601ms. It is probable that in this culture 
it was tliis oxygen limitation which caused a down regulation in giowth 
rate. Although oxygen did not reach a limiting concentration in the 
SOOipm culture, the level of dissolved oxygen was slightly lower than that 
observed in the SOOipm culture. Yano et al. (1961) showed tliat in 
pelleted giowth the hyphea experience oxygen limitation.
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Fig 5.40 Dissolved Oxygen Tension Profiles  of Active Isolate  
18 in Bioreactor Culture with three Different 
Agitation Speeds
The specific yield under the three agitation regimes (Fig 5.41) clearly 
showed that the culture agitated at SOOipm (micropellets) had the lowest 
capacity for bioactive metabolite production, the cultures agitated at 
SOOipm (l-3imn pellets) produced at the same time but the yield was 
slightly higher and the culture a lOOipm (1-3mm pellets) showed the 
liighest yield which contradicted the results obtained by A. nidulans where
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an increase in pellet size resulted in a decrease in production of penicillin 
(Fig 3.26).
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5.41 Specific  Product Yield of Active Iso late  18 in
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The A.E.C. was calculated for each culture (Fig 5.42) and it was observed 
tliat the culture at lOOipm had significantly lower value probably due to 
mass transfer problems, as shown by Yoshida et al. (1967) into the pellets 
and tlie poor mixing in the culture as obsei-ved in A. nidulans (Fig 3.28).
The O.U.R. of each culture was also measured (Fig 5.43) and it was 
observed that the cultures at SOOipm agitation and 500ipm agitation 
followed a similar pattern and the culture at 1 OOrpm agitation supported a 
significantly lower O.U.R. due to both pellet formation and poor 
dispersion of oxygen agieeing with Phillips (1966) who showed that 
oxygen uptake by pellets is considerably lower the larger the pellet and the 
observations withv4. nidulans (Fig 3.27).
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The maximum specific O.U.R. was calculated for each culture (lOOrpm: 
0.04mmole/g/lu*, 500rpm: 0.075mmole/g/hr, SOOipm: 0.067imnole/g/lir), 
however for active isolate IS the relationship between specific O.U.R. and
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pellet size was not as well defined as in A. nidulans (Fig 3.33). However, 
there does seem to be a relationship between stiirer speed and specific 
O.U.R. an obsei*vation which was not unexpected.
Overall, active isolate 18 produced bioactive metabolite under all 
conditions set out in this investigation. The highest specific production 
yield was in the culture agitated at lOOipm (Table 5.6) where mass transfer 
problems into the pellets seemed to induce production of antibiotic. A 
lower yield was obseiTed at 5OOrpm agitation where mass transport 
problems would still have occuired, but due to higher mixing the effect 
would have been less. The culture at SOOipm agitation fonned 
micropellets and exliibited the lowest bioactive metabolite production 
probably due to the lack of clumping and therefore nutrient limitation. It 
was assumed therefore that the production kinetics of active isolate 1 were 
affected by down regulation of growth rate brought about by inefficient 
mass transfer of nutrients such as carbon and nitrogen and into the centre 
of tlie pellets, the more severe the limitation the higher the production of 
antibiotic.
StiiTcr kmax Time to Maximum Time to
Speed (sAdi) Reach kmax Specific Product Start
(ipm) (h) Yield Production
(units/gbiomass) (h)
800 0.03 57 0.42 45
500 0.03 101 0.24 94
100 0.01 28 0.14 94
Table 5.7 Comparison o f Bioactive Metabolite Production by Active Isolate 18 Under
Different Degrees o f Agitation
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5.3 Conclusions
The production kinetics of the active isolates were examined in detail in 
both shake flask and bioreactor culture. Overall it was seen that in 
pelleted growth the mass transfer problems experienced by the culture 
played an important pait in either inducing or inliibiting secondary 
metabolite production.
It was also obsei^ved that by increasing agitation the degree of clumping 
was reduced in some flingi and this could sometimes increase production 
of antibiotic of those active isolates whose production was inliibited by 
oxygen limitation.
The hypothesis that down regulation of growth rate induced production of 
secondaiy metabolites has been supported in these investigations and tlie 
importance of a down regulation has been shown in compaiisoii to a phase 
of maximum growth rate. The importance of specific nutrient limitations 
had been showed especially in active isolate 6 where production had not 
been obsei*ved until oxygen was specifically made to be limiting.
Another obsei*vation has been the effect of agitation and pellet size on 
O.U.R. where oxygen uptake efficiency is decreased with increase in 
pellet size and is increased with increase in stiirer speed. These 
observations are important to secondaty metabolism since oxygen uptake 
effects primaiy metabolism and the metabolic state of the organism.
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For screening progi'anunes these investigations have shown the importance 
of;-
1) Using a variation in agitations in order to induce different 
moiphologies.
2) Using a variation in agitations in order to change the dissolved 
oxygen availability.
3) Including specific nutrient limited media into screening protocols.
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6.1 Introduction
Many isolated flingi that display the ability to produce antibiotics on solid 
media produce less or completely lose their ability once transfeired into 
liquid culture (Shomura et al., 1979; Pickup et a l, 1993). This can be due 
to a number of factors but those investigated in this report were the 
changes in moiphology and nutrient (including oxygen) supply in liquid 
culture.
Fiuigi can eitlier giow as pellets or filaments and their ability to produce 
secondary metabolites is gieatly influenced by the fonn in which they grow 
(Burkliolder and Sinnot, 1945). The pelleted form can be induced if 
insufficient agitation is used and many investigations have been earned out 
on pelleted gi'owtli (Choudhaiy and Pirt, 1965; Burkholder and Simiot, 
1945; Dion et a l, 1954; Clark and Lentz, 1963; Yano et a l, 1961; Phillips 
and Jolmson, 1961; Yoshida et a l, 1967). When a fimgal culture glows in 
the pelleted form it experiences mass transfer problems due to poor 
difhision of both nutrients (Yoshida et a l, 1967) and oxygen (Yano et a l, 
1961). These limitations can have adverse affects on the growth of the 
culture and can cause a down regulation of giowth rate, this in turn can 
induce secondaiy metabolite production (Bu’Lock, 1975). Phillips (1965) 
showed that specific oxygen consumption decreased with increase in pellet 
size and tliis in itself can either induce (citric acid production by A. niger - 
(Papagiamii et a l, 1994)) or inhibit (penicillin production by P. 
chrysogenum - (Hersbach et a l, 1984)) secondary metabolism.
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Research by Clark and Lentz (1963) and many others since have shown 
tliat agitation can either completely prevent pellet foniiation or can at least 
reduce the size of a pellet, therefore if a fungus gi'ows as pellets and its 
secondary metabolism is laiown to be inhibited by this morphology, 
agitation can be increased in order to break up the pellets and therefore 
induce production.
Using the knowledge about the problems which occur during a screen, 
especially in the transfer between solid and liquid culture, it was possible 
to design a screen wliich allowed all variations of moiphology and nutrient 
availability to be expressed.
Using the infoiination collected on A. nidulans and the active isolates an 
attempt was made to design a screening protocol
6.2 A. nidulans
It was obsei*ved with yf. nidulans that when morphology was kept constant 
(micropellets) and different specific nutrient limitations were used 
production of penicillin was seen under all circumstances, except in the 
oxygen limited culture, when giowth rate was down regulated. This 
secondary metabolite induction by down regulation of gi owth rate has also 
been obseived in bacitracin production by B. lichenoformis (Hanlon and 
Hodges, 1981); giamicidin production by B. brevis (Matteo et al., 1976); 
patulin production by C. acreinonhun (Sawada et al., 1980) and 
cephamycin C production by S. catlleyo (Lilley et <://., 1981) As expected
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carbon limitation supported the highest penicillin yield since it was laiown 
tliat elevated glucose concentration inhibits penicillin production (Espeso 
and Penalva, 1992). Wlien the moiphologies were changed using different 
agitations it was observed that only filamentous and micropelleted cultures 
could support penicillin production and it was these cultuies wliich 
experienced a down regulation in giowth rate. It was also obsei*ved tliat 
both the O.U.R and the A.E.C (due to mass transfer problems (Yoshida et 
aL, 1967)), varied depending on moiphology, also seen by Belmar-Beiny 
and Thomas (1991) who obsei*ved that an increase in agitation of S. 
clavuligerus cultmes resulted in an increase in O.U.R.; the micropelleted 
and filamentous cultmes had similar values for O.U.R but the pelleted 
culture was, in all cases, significantly lower (Table 6.1).
Morphology
(agitation)
pimax 
(If^) or 
kmax 
(g/m)
Specific 
Penicillin Yield 
(mg/gbiomass)
Maximum
O.U.R..
(mmole/l/h)
Maximum
A.E.C.
Pellets
(lOOipm)
0.03 0.9 ff26 0.25
Micropellets
(500ipm)
ff06 0.08 0.40 0.85
Filaments
(SOOipm)
O.I - 0.40 0.90
Table 6.1 Comparison of the Pelleted, Micropelleted and Filamentous Cultures o f  
A. m du lam
If a screening protocol were designed using just the infoiination collected 
on A. nidulans many flingi with the potential to produce bioactive 
secondary metabolites would be ignored and their phannaceutical uses 
lost. Therefore, a screen was earned out and active fungi were grouped
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according to their production kinetics in order to inspect how many had 
similar production profiles to that of A. nidulans.
6.3 Group One
Initially the flingi in this group always grew as large pellets which 
supported production of secondary metabolites. Investigations were 
carried out to examine whether these were the only circumstances under 
which production would occur (Figs 6.1 & 6.2).
Active 8
Solid
Culture
Liquid;
Culture
Ê Ê r o t #
Cove
Medium
Defined
Medium
w ^ m Shaken Baffled Staticculture Culture Culture Culture
Pelleted Growth
S » . 400rpm 1mm Pellet . 10rpm'“^ '-' 3-5mm Pellet
0  Highest Production 
Q  Production 
Q  No Production
Fig 6.1 A Flow Chart to  Show the Development of A ctive Is o la te  8
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Active 8 did not lose production capability when transfeiTed fi'om solid 
culture to liquid culture, in fact production was higher, however, 
production was only seen in complex media. Bioactive metabolite was 
observed in all shake flask experiments in complex medium (except for 
static culture) and pellets were obtained in all circumstances. Tliis was 
also seen by Taguchi et al. (1968) who cultured Lentimis elodes and A. 
niger at different agitation regimes and obsei-ved that increase in stirrer 
speed gave a decrease in pellet diameter. Active isolate 8 was then 
cultured in a bioreactor under a range of agitation regimes. It was 
observed, however, that for active isolate 8 the actual size of the pellet did 
not affect production since the high yields were seen in both 1mm and 3- 
5mm in diameter cultures. For Active Isolate 8 shaken and baffled cultmes 
gave antibiotic production but a higher yield was seen in a stiired 
enviromnent.
Active 15 did not lose production when transfeired flom solid culture to 
liquid culture, in fact production was identical and was seen in both 
complex (MYE) and defined media. Only stiired and shaken shake flask 
cultures supported production and as in active isolate 8 pellets were 
obtained in all circumstances. As shown by Dion et al. (1954) the increase 
in agitation resulted in a decrease in pellet size. Active isolate 15 was 
then cultured in a bioreactor under a range of agitation regimes and it was 
again obsei-ved that the actual size of the pellet did not affect production 
since the highest yield was seen under the same circumstances as in active 
isolate 8. However, at 400ipm the culture experienced a phase of 
maximum giowth rate i.e. no down regulation.
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These investigations indicated that during the screen it was important not 
to put too much emphasis on specific conditions of morphology and 
nutrient limitation since a combination of both extreme situations did for 
some active isolates trigger secondary metabolite production.
Malt+Yeast 
Extract?" 
Broth^ ?'-
13 Highest Production 
Q  Production 
0  No Production
Fig 6 .2  A Flow Chart to  Show the Development of A ctive Is o la te  15
Static
Culture
Baffled
Culture
StirredCulture
Cove
Medium
Pelleted Growth
Defined
'Medium
Active 15
0 R 0 400rpm Ï 1mm Pellet 3-5mm Pellet
6.4 Group Two
Group 2 fimgal isolates only produced bioactive metabolite when grown in 
a defined medium, regardless of the morphology. It was proposed that in 
these organisms the down regulation of growth rate brought about by 
depletion of a growth rate limiting substrate was inducing secondary 
metabolism. Investigations were canied out in order to assess whether it
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was the actual specific nutrient limitation or down regulation in giowth 
rate, as suggested by Bu’Lock (1975) which was switching on production.
Two active isolates produced bioactive metabolite under oxygen limitation 
only, suggesting that the oxygen limitation itself induced production and 
not the down regulation of gi owth rate as in gi amicidin production by B. 
brevis (Matteo et aL, 1976) which is induced by oxygen limitation. Tliree 
active isolates supported bioactive metabolite production under a state of 
carbon limitation only. Control of production of these metabolites may be 
similar to that obsei'ved in A. nidulans where elevated glucose 
concentrations inliibit production of penicillin (Espeso and Penalva, 1992). 
Two active isolates exhibited bioactive metabolite production under 
conditions of nitrogen limitation only. Similar kinetics have been observed 
in the production of polyketide pigments such as bikaverins by Bu’Lock 
(1975). Only one active isolate produced bioactive metabolite under the 
same conditions as A. nididans (3.2.5) in that production occuned under 
any nutrient limitation except that of oxygen. No active isolate had 
bioactive metabolite production which was switched on solely by 
phosphate limitation lilce thienamycin production by S. cattleya (Lilley et 
aL, 1981).
The investigations carried out on the active isolates fiom group 2 indicated 
that inducing a down regulation of gi owth rate to bring about secondary 
metabolite production is not, in some cases, sufficient and the depletion of 
a specific nutrient is needed. This would be the case if one of the 
antibiotic biosynthetic enzymes was subject to catabolite repression
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(Revilla et al., 1984) but a general down regulation of growth rate was still 
required to effect synthesis as discussed by Bushell (1989).
6.5 Group Three
The active isolates isolated fiom gioup 3 were probably the most important 
since these ftmgi lost their production potential completely when cultured 
in liquid. However, by persevering, the production potential of active 
isolate 6 was resurrected when the fungus was cultured in a bioreactor 
under oxygen limitation (Fig 6.3).
Liquid
Culture
Cove
Medium
Static
Culture
Baffled
Culture
Stirred
Culture
Defined
Medium
Shaken
Culture
Pelleted
Growth
Active 6
Phosphate
Limited
Nitrogen
Limited
Carbon
Limited
Filamentous
Growth
Malt Yeast 
Extract 
Broth
03 Highest Production 
0  Production 
Q  No Production
Fig 6 .3  A Flow Chart to  Show the Development of A ctive Is o la te  6
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Although it had been shown by McDaniel and Bailey (1969) that oxygen 
availability between flasks shaken at different levels was different, the 
oxygen limitation in the case of active isolate 6 was obviously not severe 
enougli to induce production.
These findings reaffiiin the importance of incoiporating specific nutrient 
limitation stages to a screening progi’amme and testing even those fiingi 
which have lost production potential between solid and liquid culture.
6.6 Group 4
Active isolates of gi'oup 4 were those organisms wliich only produced 
bioactive metabolite when in a filamentous form. Initially in shake flask 
culture production was only obsei'ved in shaken and stiiTed culture where 
the agitation was sufficient to break down hyphal clumps. Culturing these 
actives in bioreactors allowed investigations into the production potential 
of micropellets (a clumped fonn mid way between filamentous and 
pelleted giowth).
Active isolate 7 only produced bioactive metabolite when cultured in the 
filamentous fonn (Fig 6.4). A micropelleted morphology was achieved by 
stining at lOOipm, however no production was obsei'ved in this culture. 
These obsei-vations indicated the importance of using high agitation levels 
to promote filamentous giowth, as obsei'ved by Clark and Lentz (1963) 
and that even a small degiee of clumping can result in the loss of 
production.
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Active 7
Liquid
Culture
Cove
Medium
Malt Yeast 
Extract 
Broth
idef ihecl
iiMediuni
Static Baffled Shaken Stirred;
Culture Culture Culture Culture'
Pelleted Filamentous
Growth Grov/th
:il-i laments
400rpm
Filaments
lOOrpm
Micropellets
[ni Highest Production  
Q  Production 
[ ]  No Production
Fig 6 .4  A Flow Chart to  Show the Development of A ctive Is o la te  7
Initially active isolate 20 was thought to only produce when cultured as the 
pelleted fonn, however, when the moiphology was induced to be 
micropelleted by the change in stin er speed, production was observed at a 
higher level than that in filamentous growth (Fig 6.5). Since no production 
was seen in pelleted growth during the shake flask investigations it was 
assumed that micropellets supported enough nutrient limitation to induce 
production but not at a severe enough level to become inhibitory to 
primary metabolism. This investigation reaffinned the importance of 
inducing different morphologies during fungal screening programmes.
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Culture
Stirred
Culture
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■Shaken
Culture
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Active 20
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400rpm
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Highest Production 
Q  Production 
[ ]  No Production
Fig 6 .5  A Flow Chart to  Show the Development of A ctive I s o la te  20
6.7 Group Five
Group 5 contained those active isolates which only produced bioactive 
metabolite when in a pelleted fonn. The mass transfer problems shown by 
Yoshida et al. (1967) and the associated nutrient and oxygen limitation 
brought about in pelleted giowth induced production of secondary 
metabolism in these organisms.
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Active isolate 1 produced bioactive metabolite when agitation was low and 
hence pellets were fonned. In shake flask culture the maximum size for 
these pellets was l-3mm in diameter and production was seen in all cases 
(Fig 6.6).
Liquid
Culturefit u re
r..-jShaken
Culture
Stirred
Culture
Baffled
Culture
Static
Culture
Cove
Medium
Active 1
Pelleted
Growth
Filamentous
Growth
lOOrpm 
5mm Pellets
400rpm 
1-3mm Pellets
Malt Yeast 
Extract 
Broth
(13 Highest Production 
n  Production 
Q  No Production
Fig 6 .6  A Flow Chart to  Show the Development of A ctive Is o la te  1
Wlien active isolate 1 was cultured in a bioreactor at different agitation 
regimes the pellet size remained at l-3mm in diameter except at lOOrpm 
agitation where 5mm pellets were observed. Similar observations were 
made by Taguchi et al. (1968) in A. niger where an increase in stirrer 
speed resulted in a decrease in pellet size. Under these circumstances
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production was highest in the I-3mm in diameter and lowest at 5mm in 
diameter. The nutrient limitations in the larger pellets were so severe as to 
inliibit production of secondary metabolites.
Active 18
Solid
Culture
uîlf
Culture;
Ipefined
p’Medium»-
Malt Yeast 
Extract 
Broth
Shaken
Culture
Stirred
Culture
Static
Culture
Cove
Mediïiïn
Pelleted Filamentous
. Growth Growth
400rpm 
1-3mm Pellets
1OOrpm 
1-3mm Pellets
[3 Highest Production 
n  Production 
[ ]  No Production
Fig 6 .7  A Flow Chart to Show the Development of A ctive Is o la te  18
Active isolate 18 was more susceptible to agitation than active isolate 1 in 
that at SOOrpm agitation micropellets were obtained (Fig 6.7). Again, 
however, as in active isolate 1 the smaller pellet size gave the highest 
production suggesting that a degree of clumping was necessary for 
production to take place but this production decreased with increase in 
pellet size.
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The observations fi'om Group 5 suggested that even when production 
seemed to be associated with pelleted growth the size of the pellet and 
hence the degi'ee of nuhient limitation had a significant effect.
6.8 The Screen
A screen protocol was devised incoiporating all the infoimation on the 
production of secondaiy metabolites by both A. nidiilans and the active 
isolates.
The first stage is the collection of the isolates and the purification of these 
colonies. Both selective medium (Nolan and Cross, 1988) and media 
containing different nutrient sources (Nisbet, 1982) aie used and tlie 
following steps towards isolation are earned out as described by Williams 
and Wellington (1982).
1) Selection of the material containing microbes.
2) Pre-treatment of materials.
3) Growth on medium.
4) Incubation.
5) Colony selection and purification.
The next stage is to investigate production in liquid culture. Fhstly it is 
important to culture isolates in a range of shake flasks under a range of 
agitations in order to find the optimal morphology for antibiotic production 
as suggested by Mitai'd and Riba (1987). During this investigation the
179
oxygen availability rates will also change due to the different vessel as 
indicated by McDaniel and Bailey (1969).
The final shake flask stage would be to investigate the effect of varying the 
nutrient limitations in the media and hence change the time of down 
regulation of gi'owth rate. It is important during these investigations to use 
carbon limited (as in penicillin production by A. nidiilans^ Bailey and Arst; 
1975), nitrogen limited (as in bikerverin production, Bu’Lock; 1975), 
phosphate limited (as in tliienamycin production by & cattleya, Lilley et 
al., 1981) and oxygen limited (as in giamicidin production by B. brevis, 
Matteo et a l, 1976) media.
Finally production kinetics can be ascertained and the process of yield 
improvement started by culturing active isolates in bioreactor culture 
where both a range of moiphologies (using different agitation regimes) and 
a range of nutrient limitations can be set up.
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Appendix 1 Chi-Sqiiared Probability Distribution Table
p
df 0.9 0.7 0.5 0.3 0.1 0.05 0.01 0.001
1 0.016 0.148 0.445 1.074 2.706 3.841 6.635 10.8282 0.211 0.713 1.386 2.408 4.605 5.991 9.210 13.8163 0.584 1.424 2.366 3.665 6.251 7.815 11.345 16.2664 1.064 2.195 3.357 4.878 7.779 9.488 13.277 18.4675 1.610 3.000 4.351 6.064 9.236 11.07 15.086 20.515
6 2.204 3.828 5.348 7.231 10.645 12.592 16.612 22.4587 2.833 4.671 6.346 8.383 12.017 14.067 18.475 24.3228 3.490 5.527 7.344 9.524 13.362 15.507 20.090 26.1259 4.168 6.393 8.343 10.656 14.684 16.919 21.666 27.87710 4.865 7.267 9.342 11.781 15.987 18.307 23.209 29.58811 5.578 8.148 10.341 12.899 17.275 19.675 24.725 31.26412 6.304 9.034 11.340 14.011 18.549 21.026 26.217 32.91013 7.042 9.926 12.340 15.119 19.812 22.362 27.688 34.52814 7.790 10.821 13.339 16.222 21.064 23.685 29.141 36.12515 8.457 11.721 14.339 17.322 22.307 24.996 30.578 37.69716 9.321 12.624 15.339 18.418 23.542 26.296 32.000 39.25417 10.085 13.531 16.338 19.511 24.769 27.587 33.409 40.78918 10.865 14.440 17.338 20.601 25.989 28.869 34.805 42.31219 11.651 15.352 18.338 21.689 27.204 30.143 36,191 43.81920 12.443 16.266 19.337 22.775 28.412 31.410 37.566 45.31521 13.240 17.182 20.337 23.858 29.615 32.671 38.932 46.79722 14.041 18.101 21.337 24.939 30.318 33.924 40.290 48.27023 14.848 19.021 22.337 26.018 32.007 35.172 41.368 49.72624 15.659 19.943 23.337 27.096 33.196 36.415 42.980 51.17925 16.473 20.867 24.337 28.172 34.382 37.653 44.314 52.62226 17.292 21.792 25.336 29.246 35.563 38.885 45.314 54,65427 18.114 22.719 26.336 30.319 36.741 40.113 46.963 55.47728 18.939 23.647 27.336 31.391 37.916 41.337 48.273 56.89329 19.768 24.577 28.336 32.461 39.087 42.557 49.588 58.30330 20.599 25.508 29.336 33.530 40.256 43.773 50.892 59.70331 21.434 26.440 30.336 34.598 41.422 44.985 52.192 61.10032 22.271 27.373 31.336 35.665 42.585 46.194 53.486 62.48633 23.110 28.307 32.336 36.731 43.745 47.400 54.775 63.868
34 23.952 29.242 33.336 37.795 44.903 48.602 56.061 65.24635 24.797 30.178 34.336 38.859 46.059 49.802 57.342 66.62236 25.643 31.115 35.336 39.922 47.212 50.998 58.619 67.98637 26.492 32.053 36.336 40.984 48.363 52.192 59.893 69.35338 27.434 32.992 37.335 42.045 49.513 53.384 61.163 70.70939 28.196 33.932 38.335 43.105 50.660 54.572 62.429 72.06040 29.051 34.872 39.335 44.165 51.805 55.759 63.691 73.40845 33.350 39.585 44.335 49.452 57.505 61.656 69.957 80.07850 37.689 44.313 49.335 54.723 63.167 67.505 76.154 86.65955 42.060 49.055 54.335 59.980 68.796 73.312 82.292 93.16960 46.459 53.809 59.335 65.227 74.397 79.082 88.381 99.62165 50.883 58.573 64.335 70.462 79.973 84.820 94.420 105.97470 55.329 63.346 69.334 75.689 85.572 90.531 100.424 112.30975 59.795 68.127 74.334 80.908 91.061 96.217 106.392 118.59580 64.278 72.915 79.334 86.120 96.578 101.879 112.328 124.83685 68.777 77.710 84.334 91.325 102.079 107.522 118.236 131.04090 73.291 82.511 89.334 96.524 107.565 113.145 124.115 137.19495 77.818 87.317 94.334 101.717 113.037 118.751 129.970 143.319100 82.358 92.129 99.334 106.906 118.499 124.343 135.811 149.483200 174.835 189.049 199.334 209.986 226.022 233.997 249.445 267.620
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Appendix 2 k V alues  oi' Aspcn^i/lus nidulans grow ing  in Carbon,  
N itrogen  and Pliosphate Limited Batcii Cultures
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Appendix 3 Observed and Expected Colony Fomiing Units (xlO"^ )
of Microorganisms found in Different Habitats
Soil Site Actino Fungi Bacteria
Obs Exp Obs Exp Obs Exp
A 1.30 1.48 9.60 3.21 8.20 7.90
B 4.70 1.48 1.40 3.21 21.00 7.90
C 0.28 1.48 1.10 3.21 11.00 7.90
D 1.40 1.48 1.00 3.21 1.20 7.90
E 1.30 1.48 1.80 3.21 2.30 7.90
F 1.10 1.48 3.00 3.21 6.80 7.90
G 1.00 1.48 0.20 3.21 4.90 7.90
H 2.70 1.48 1.40 3.21 5.60 7.90
I 1.80 1.48 1.40 3.21 14.00 7.90
J 1.50 1.48 1.10 3.21 1.90 7.90
K 0.90 1.48 8.80 3.21 8.70 7.90
L 1.10 1.48 6.20 3.21 4.40 7.90
M 1.30 1.48 9.30 3.21 16.00 7.90
N 1.00 1.48 1.90 3.21 3.50 7.90
0 1.10 1.48 0.10 3.21 7.10 7.90
P 1.20 1.48 3.10 3.21 9.80 7.90
Total 23.68 51.40 126.40
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Appendix 4 Observed and Expected Colony Forming Units (xlO"*)
of Microorganisms Isolated on Different Medium
Medium
Type
Actino Fungi Bacteria
Obs Exp Obs Exp Obs Exp
MYE 5.60 5.92 4.39 12.85 44.4 31.6
SA 5.28 5.92 30.47 12.85 7.09 31.6
PDA 4.42 5.92 5.12 12.85 44.93 31.6
PMA 8.45 5.92 11.42 12.85 29.98 31.6
Total 23.68 51.4 126.4
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Appendix 5 Observed and Expected Activity Types from 23 Fungi
isolated from Different Habitats
Soil
Type
M. luteus Anti- Fun «ill P- lactam E. coli S. aureus
Obs Exp Obs Exp Obs Exp Obs Exp Obs Exp
A 0 0.75 0 0.125 0 0.125 0 0.375 0 0.063
B 0 0.75 0 0.125 0 0.125 0 0.375 0 0.063
C 0 0.75 1 0.125 0 0.125 0 0.375 0 0.063
D 1 0.75 1 0.125 0 0.125 0 0.375 0 0.063
E 1 0.75 0 0.125 0 0.125 0 0.375 0 0.063
F 0 0.75 0 0.125 0 0.125 0 0.375 0 0.063
G 0 0.75 0 0.125 0 0.125 0 0.375 0 0.063
H 2 0.75 0 0.125 0 0.125 0 0.375 0 0.063
I 2 0.75 0 0.125 0 0.125 0 0.375 1 0.063
J 0 0.75 0 0.125 0 0.125 0 0.375 0 0.063
K 1 0.75 0 0.125 0 0.125 0 0.375 0 0.063
L 1 0.75 0 0.125 0 0.125 0 0.375 0 0.063
M 0 0.75 0 0.125 0 0.125 2 0.375 0 0.063
N 1 0.75 0 0.125 1 0.125 3 0.375 0 0.063
0 2 0.75 0 0.125 0 0.125 0 0.375 0 0.063
P 1 0.75 0 0.125 1 0.125 1 0.375 0 0.063
Total 12 2 2 6 1
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Appendix 6 Obsen/ed and Expected Activity Types fi'om 23 Fungi
Isolated on DilTerent Media
Media
Type
M. luteus Anti- Fungal P- lactam E. coli S. aureus
Obs Exp Ob S Exp Obs Exp Obs Exp Obs Exp
MYE 3 3 0 0.5 1 0.5 3 1.5 0 0.25
PDA 5 3 0 0.5 0 0.5 2 1.5 1 0.25
SA 3 3 2 0.5 1 0.5 0 1.5 0 0.25
PMA 1 3 0 0.5 0 0.5 1 1.5 0 0.25
Total 12 2 2 6 1
2 0 !
Appendix 7 The Change in Amount of Activity due to Different
Degrees of Agitation
Active Number Static Bailled Shaken Stirred
1 Obs 16 40 35 0
Exp 35 35 35 35
2 Obs 0 20 17 0
Exp 17 17 17 17
3 Obs 0 20 18 0
Exp 18 18 18 18
5 Obs 14 0 15 30
Exp 15 15 15 15
6 Obs 0 0 0 0
Exp 0 0 0 0
7 Obs 0 0 14 28
Exp 14 14 14 14
8 Obs 0 15 20 37
Exp 20 20 20 20
9 Obs 0 0 16 0
Exp 16 16 16 16
10 Obs 0 0 7 22
Exp 7 7 7 7
11 Obs 0 0 20 27
Exp 20 20 20 20
12 Obs 0 0 21 12
Exp 21 21 21 21
13 Obs 10 7 25 0
Exp 25 25 25 25
14 Obs 0 0 0 0
Exp 0 0 0 0
15 Obs 0 0 21 10
Exp 21 21 21 21
16 Obs 0 24 21 0
Exp 21 21 21 21
17 Obs 16 30 25 0
Exp 25 25 25 25
18 Obs 0 32 27 0
Exp 27 27 27 27
19 Obs 0 33 27 0
Exp 27 27 27 27
20 Obs 23 0 20 7
Exp 20 20 20 20
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Appendix 7 The Change in Amount of Activity due to Different
Degiees of Agitation (Cont.)
Active Number Static Bathed Shalcen Stirred
21 Obs 0 0 21 25
Exp 21 21 21 21
22 Obs 0 0 0 0
Exp 0 0 0 0
23 Obs 25 0 20 15
Exp 20 20 20 20
24 Obs 0 0 20 25
Exp 20 20 20 20
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